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tREPACB. 



The Papers of which this volume oonsiBtik h»re been prepared from 
time to time daring the past six years from Notes of the Leotnres which 
it has been my duty and pleasure to deliver to my Brother Officers at 
the School of Military Engineeiing. 

In preparing them, I have endeavoured to make them a kind of 
index to the various works referred to, the greater number of which 
are to be obtained at most stations, even if they do not form a part of 
an Officer's own library, one of my objects being to enable an Officer* 
who has to get out a design, to know where to turn for data, without 
which he must soon come to a stand still. 

I have included in the Papers some few d^ta, which I have gleaned 
personally from various sources, but as a rule I have referred the 
Officers to other works for such information as they require in applying 
Theory to Practice, the particular data required for each Example being 
commented on during the delivery of the Lectures. 

As I proceed on the assumption that the Officers have acquired the 
necessary mathematical knowledge before joining the Corps, I do not, 
in delivering the Lectures, go into mathematical investigations, and I 
have excluded them from the Papers, wherever I could give a reference 
to any work, where they are sufficiently fully stated. There are only a 
few such investigations, which I have, on this principle, thought it 
desirable to give. 

With the exception of the full manner in which, for the purpose of 
instruction, the Examples are treated, there is, of course, little that is 
new in the Papers, but I believe the method of determining the besb 
section for cast-iron beams is a new application of an old principle, and 
the attempt to reduce to calculation the rivetting of grouped joints is, 
80 &ur as I know, new, although the results must of necessity, &om the 
nature of such joints, be only approximately true. 
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I have endeavoured, tliroTiglioiit, to acknowledge the sonrces from 
whicli mj information lias been derived, by repeated references to the 
antbors drawn npon ; and I wisb to place on record the obligations 
I am nnder to the Members of the Civil Engineering Profession, to 
the Mannfactorers of Engineering Material, and to many other Ghentle- 
men, who in every instance, and with nniform kindness, have given my 
Brother Officers and myself permission to visit and examine in detail 
their varions works, at the same time affording ns the greatest facilities 
for studying them and putting at onr disposal all the necessary infor- 
mation respecting them. 

H.W. 

School of Military Engineeringi 
Ohathazn, November, 1872. 
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ERRATA AND ADDENDA. 



Page 17, line 1,/or total amount, read moment. 
„ 17, lines S to 7, /or I read 




43, line 13, for 13, read 12. ^ 

„ 43, last line, for p. 38, read p. 36. 
„ 44, line 13,/ar i W c^, read -J W A 

45, line 31, for x , read -f , 

46, line 17, /or m, read n. 

47, line 7, /a/ E x 144 x cfj, read ExlUxd^. 
62, line 3, omit vertical. 
66, line 14,. /or x^, read »*. 
66, line 16, /or W^, read WZ8. 
78, line 8, after nsnal, omit the comma. 

„ 89, line 36, for near together, read far apart. 
„ 92, line 21, after possible, add nniformly. 
94, Hne 28, for 14-400, read 14,400. 

100, line 4, for p, read h. 

Ill, line 19, /or », read n, 

113, line 11, /or It^, retwi 1^. 
„ 117, line 36, after being, add so great. 
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120, last line, /or A, read ^ 

124, line 16, after web, oe^ a comma. 

S P 

125, bne 6, for -^ , read-^ 

XT O 

127, line 17, add. If as near together as 4' 6^^, iron longitudinals 
are sometimes dispensed with. 

128, Fig, 20, the arrows should not be at the extreme edges of the 
angle irons, but about ^ inch inside both at top and bottom. 

130, line 19, /or -^j^, read^ 

5 5 

131, line 4, for ^| read ^^ 

134, lioe 13, for 33 ft. tons, read 32-5 ft. tons. 
140, line 1, for 2, read 2*6. 

140, Fig, 36, the arrows should not be at the extreme edges of the 
flanges, but about 1^ inch inside, both at the top and bottom. 
145, line 19, for 17 tons, read 16*4 ions, and see Appendix, p. 320. 
160, Flate III., Built-up Wrought Iron Beams, the scale of the 
rocker is about \ inch to 1 foot. 
„ 162, line 16, /or +(1), read (+1). 
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a. KSBATA AUD ADDENDA. 

Page 165, line 25, for tOiX^, read Wi x f . 
„ 166, line 13, /or 6008, read 60*80. 
„ 167, line 4 from bottom, before =, a^TcI Stress in 5 A. 
„ 186, line 6, for |W and ^W, read ^W and |W. 
„ 187, line 18, omit latter. 
„ 188, line 22, for Bo, read R. 

„ 195, line 1,/or 50°", 60°, and 70°, read 60°, 70°, and 80^ 
„ 205, line 22, for F^ read Fg. 
„ 210, line 27, for 16, read 15. 
„ 212, Fig. 22, «ce Note in Appendix, p. 320. 
„ Plate II., Boofs, Fig, 3, for Ej, (the lower of the two reactions), 

read Bi. 
II n ), Fi^r. 2,/orE5, rcodE^. 

„ 233, line 3, for Cj D^ read 0^ By 
y, 234, line 23, for eclipse, read ellipse. 
„ 239, line 2, for ad, read ah. 
„ 240, line 9, for n^, read n. 
„ 240, line 16, for satety, read safety. 
„ 246, Hne 3, for 107,984, read 107,084. 
„ 246, line 6 from bottom, after Example, add 11. 
„ 252, line 15, /or B, read Z. 
„ 256, line 7/for 15, read 16. 

„ 265, last line, after resultant, add equal and opposite to the reaction. 
„ 266, line 3, for it, read Bj. 
„ 273, line 32, omit the square of. 
„ 279, line 41, /or latter, read batter. 
„ 279, Tme 43, before vertical, add nearly, and after batter, oii of any 

importance. 
„ 281, lines 22 and 23, before overhanging, /or a, read an. 
„ 288, line 11, /or the outer, read either. 
„ 290, line 30, after feet, add from H, and transfer bra,cket from after 

foot, to after third. 
„ 293, line 5 from bottom, for Plate III., read Plate II. 
„ 302, line 29, for H, read P. 
„ 302, line 2 from bottom, for — , read +. 
„ 306, line 27, after pressure, add measured on the diagram. 
„ 306, line 28, 3 X 1 X 1 signifies three times the distance, F 1, 

of the centre of pressure from the extrados multiplied by 1 foot in 

width of the arch (see p. 233). 
„ 307, lines 35 and 36, the two last verticals are required to give Pi 

and p2> P* 308. They are not shewn in Plate Vil. 
y, 308, line 34, after tons, add measured on the diagram. 
„ 309, line 22, strictly, C D ought, in order to prevent tension at E, 

to be rather more than |rd C E ; but how much more, depends upon 

the relative dimensions of the wall, and counterforts forming 

the abutment. In an abutment of ordinary proportions C D 

would eqaal about -^ C "E. 
„ 809, line 32, at end of line, omit to. 
Plate yi., Arches, the scale of Fig, 1 is | inch to 10 feet. 
yy Vn., ,9 the ecale is 5 &et to 1 inch. 



STRESS IN BEAMS. 



Before an Engineer can design, in a scientific manner, a beam for the 
simplest pnrpose, be must be able to conceive a distinct mental 
picture of what bis beam bas got to do ; t.e., be mnst bave, first a clear 
idea of tbe way in -wbicb tbe external forces act on tbe beam, wbat 
stresses tbese forces produce, and bow tbese stresses are distributed over 
tbe different parts of tbe beam ; second, a clear idea of tbe manner in 
wbicb tbe material of tbe different parts of tbe beam resist tbese 
stresses. 

And it is to be remembered tbat tbe Engineer bas to make provision 
for tbe greatest stresses, tbat can possibly be produced in tbe beam, 
under any condition of tbe external forces or load, wbicb it may be 
required to bear, and tbat to secure tbis is bis first object. In tbe case 
of structures designed for loads of an invariable cbaracter, sucb as 
bressummers to carry fronts or cross walls of buildings, girders to 
carry aqueducts, &c., tbe stresses are always tbe same in amount. But 
in tbe case of bridge beams for roads or railways, tbe amount, and 
sometimes tbe nature of tbe stresses in tbe different parts of tbe beam 
varies as tbe load cbanges its position, and tbe Engineer bas, first, to 
find tbat particular condition of tbe loading, wbicb produces, in eacb 
part of tbe beam, tbe maximum of eacb kind of stress; second, to 
make eacb part of bis beam strong enougb to resist tbat maximum 
stress permanently. 

Wben an Engineer bas so designed bis beam, tbat at every section 
it is (so far as tbe practical requirements of construction permit) equally 
strong to resist tbe maxima stresses of eacb kind, wbicb can come 
upon tbat section, be bas designed wbat will be called in tbese papers 
a beam of uniform strengtb. Sucb a beam is not a beam of uniiorm 
Btrengtb in tbe ordinary acceptation of tbe term, tbe maximum sbearing 
stress being provided for in it, as well as tbe maxima direct stiresses, 
wbereas ordinarily, in tbe beam of uniform strengtb (Fenwick's 8oUd 
of Equal Beyistance) tbe maxima direct stresses only afe considered. 

Ah tbe beam designed to meet botb tbe direct and sbearing stresses 
must be stronger and stiff er tban tbe beam wbicb takes into con« 
sideration tbe direct stresses only, any error tbat enters into tbe calcu- 
lation by providing for eacb separately wOl be on tbe side of safety. 

Tbe wbole subject of stress in beams is very tborougbly bandied by 
Professor Bankine. His works, bowever, require long and careful 
Btudy, and for tbe purposes of tbese papers it will be better to refer to 



NATURE OF THE STRESSES. 



the lectures delivered at Chatliam in Febmary, 1861, by Mr. W. 
Cawtbome Unwin, in which the subject is very thoroughly treated* 
and to Stoney's Theory of Strains (Longman). In fact, except for the 
purpose of making these papers complete (so far as they go) in them- 
selyes, it would be unnecessary to do more than refer to the books 
above mentioned. 

Nature op the Stresses in a Beam Loaded Transversely. 
The stresses induced in a beam loaded transversely are of three kinds, 
viz. : — 

Tension. 
Compression. 
Shear. 
The two first may be called the direct stresses^ their action being to 
extend or compress the material in the direction in which the tension 
or compression is applied. 

If a piece of wood or any material be broken across, say by support- 
ing it at each end and loading it at the centre, it appears to break solely 
by the extension of the fibres on the under side, and the compression 
of the fibres on the upper side, these tensions and compressions being 
the direct stresses just spoken of. . • . . 

But there have been other stresses at work, viz. : the shearing 
stresses, i.e., stresses which have endeavoured to make the beam fail by 
the sliding of its parts on one another, both vertically and horizontally, 
somewhat as shown in Figs, I and 2. 

Fig. 1. Fi^, 2. 
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These stresses have all been acting at once on the piece of wood, and 
there is no Mathematical Theory, which takes notice of the effect of all 
of them at once. 

If there were such a theory, it would probably result in a very com- 
plicated formula — too complicated in fiict for ordinary use. 

But there are Mathematical Thoorits, easy to understand, which take 
notice of these different stresses separately, and which enable the 
Engineer to design his beam in perfect confidence, that it will be 
sufficiently strong, and at the same time, that no waste of material of 
any importance has resulted. 

And this economy of material and labour is the second object of the 
scientific Engineer. 

The external forces, which the Engineer has to deal with in beams, 
are almost always vertical, or they may be treated as such without 

* These havo Riuco boen enlarged and published in the form of a book. -—Irvn Bridge and 
Soqfs. {Sjfon.) 
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THE DIBEOT STRESSES. 3 

serious error, and it will be sufficient for tbo purpose of this paper to 
deal with vertical forces only. 

* • - . • 

The Direct Stresses. 

The direei stresses, consisting of tension on one side of the beam 
and compression on the other, • are produced by the bending of the 
beam. 

Fig. 3. 
It oaxi. 
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The bending of the beam is produced by the action of the eictemal 
forces. 

The external forces in beams fixed at one end, consist of the load, 
and the force necessary to fix the beam, with their reactions. 

Thus, if Fig, 4 represents a beam embedded in a wall, and loaded 
with a weight W, W^ being the weight of the wall just necessary to 
fix the beam, the external forces are W and Wj, and their reactions, 
— W and — Wj, acting, when equilibrium is just maintained, at A. 

Fig. 4. 
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The external forces, in beams supported at both ends, consist of the 
load, and the reaction of the points of support. 

Supposing the external forces to be all vertical, each acts with a 
leverage equal to the horizontal distance between its point of application, 
and the particular section of the beam under consideration. 

If the moment of each external force about any vertical section, be 
found and these separate moments be added together, the total result- 
ant moment of all the forces producing bending about that section is 
obtained, and this is called the " Moment of Flexure ** or " Bending 
Moment " (sometimes " Moment of Strain ") at that section. The first 
step is to determine its value. 



i MOMBHTS or FLIXUBI. 

The following cases are those nsnally occarring in praciioe : — 

(1) Beam fixed at one end and loaded at the other. 

(2) Beam fixed at one end and nniformlj loaded. 

(3) Beam fixed at one end and loaded, both at the end and aniformlj. 

(4) Beam fixed at one end and partially loaded with a nniformlj 

distribnted load. 

(5) Beam fixed at one end, and loaded with any number of loads. 

(6) Beam supported at both ends and loaded in centre. 

(7) Beam supported at both ends and uniformly loaded. 

(8) Beam supported at both ends and loaded in centre and uniformly 

also. 

(9) Beam supported at both ends and loaded at any point. 

(10) Beam supported at both ends and partially loaded with a 

uniformly distributed load. 

(11) Beam supported at both ends and loaded with any number of 

loads. 

(12) Beam supported at both ends and loaded with an even number 

of equal loads, symmetrically placed on each side of the 
centre. 

(13) Beam fixed at both ends, or fixed at one end, and supported 
at the other, of which a few of the more simple cases are dealt with in 
a subsequent paper on " Fixed Beams." 

As all the forces are vertical, and the lever arms with which they 
act are horizontal, their moment about any section of the beam is simply 
the* sum of the moment of all the forces acting on one side of thai 
section, the forces acting downwards being ta^ken as positive, while 
those acting upwards are taken as negative. 

The weight of the beun in all ordinaiT stractoree may, with sufficient aocnracf for the por- 
posea of tne Engineer, be taken as an uniformlT distributed load. In this case the moment* at 
any section, of the weight of the beam, must be added to the mome&ts of the load to get the 
total or <* Reanltant Moment." 

Case 1. 

Let A (Fig. 5) be any vertical section at a distance x from the fiixed 

Fig.S. 
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♦W 

end B of the beam, o the length of the beam, W the weight at the end. 
Then the only force acting to the right of A is the positive force W 
acting with tne leverage (c — a;), so that the moment, M, about A is 

M = W(<5-») 
in foot-tons, inch-lbs., or any other convenient denomination. 
The moment is a maximum, when x = o and 

M = Wc 



MOMENTS or FLBXUBI. 5 

I.e., at the point of fixing, B, and it yanishes at tlie end of the beam* 
where x = e. 

Case 2, 

Let A (Fig. 6) be any vertical section at a distance x from the fixed 
end of the beam, c the length of the beam, w the weight per unit of 
length. 

Fig. 6. 
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Then the only foroe acting to the right of A is the positive force 
v){c^z) and it acts with a leverage of — ^ — , so that the moment M 



abont A is 



2 



which is a maximnm, when x^::^o^ andM = t^ x" 

I.0., at the point of fixing, B, and it vanishes at the end of the beam, 
where « = e. 

As ur c is the total weight, it may be called W, and then 

2 

or one half of its maximum valne in case 1, the total weight being the 
same. 

In case 3 the moment M will evidently be the som of the moments 
in cases 1 and 2. 

!.«., M = W (c - aj) -h ID^^^^^^' 

whieh again is a maximnm, when = 0, i.6., at the point of fixing, B, 
and vanishes at the end of tiie beam. 

Case 4. 

Let the partial load {Fig* 7) be nniformly distributed over a length 
ff of the beieun, let its inner end be at a distance y from the fixed 
end, B, of the beam, and let the weight per unit of length be w. Then 
if tiie section at A intersects the partial load, the only force to the 
right of the section is positive and equal to u^ (« + y — «) acting with 
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Fig. 7. 
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wbicli is a maximum, for any point under the load, when as = ^, i.0., at 
the inner end of the load, where it equals -^, and which yanishes at 

the outer end t)f the load. 

When A is to the right of the partial load, there is no moment due. 
to the load ; when A is to the left of the partial load, y is greater than 
a;, and 

which is a maximum, when a; = 0, i.e., at the point of fixing, B. 

Case 5. 

The moment is simply the sum of the moments of the different loads, 
and this is a maximum at the point of fixing, B, and vanishes at the 
outer end of the load. 

Case 6. 

Let A (/'V(7. 8) he any vertical section at a distances from the centre 
of the beajn, c half the length of the beam, W the weight at the centre, 

FIq, 8. 
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Then the only force acting to the right of A is the reaction of the 

W 

point of support = — — and it acts with a leverage = c — a 

Therefore the moment M = — — - (c — a) 

which is a maximum, when aj = 0, or at the centre of the beam, where 

W . . 

M = — — -c, and which vanishes at the point of support, where « = c. 

By substituting — for c, the moment M at the centre 

i.e.f it is one half of the moment in case 2 for the same length of beam, 
acting in the opposite direction. 
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The same result is to bo obtained by considering the forces on the 
left of A. 

These forces are W positive or downwards, and — — - negative or 
upwards, and thoj act with leverages respectively equal to x and c -I- * 

ml 

Case 7. 

Let A (Fig, 9) bo any vertical section at a distance x from the centre 
of the beam, c half the ' length of the beam, w the weight per unit of 
length. 

Fig. 9. 
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Then the forces acting to the right of A are the reaction of the point 
of support = — wc, acting with a leverage (c — «), and the portion of 
the load lying between A and the point of support = 4- u; (c — »), 



acting with a leverage ^ — ^ — ^ 



Then the moment M = — u;c(c— a.)-|- — L — I 

it 

=: — K; .^ ( 

2 
which is a maximum, when a; = o, or at the centre of the beam, 

where M = — ~— - 

2 

and which vanishes at the point of support, where x = c. 

This result might also be arrived at by considering the forces on the 
left of A. 

By putting ~ for c, the moment M at the centre 

= - VLt =- ^ 
8 8 

or one half the moment in case 6. 



8 MOMBHTB or TLEXITBI. 

Case 8. 

The moments will eridentlj be the Bnm of the moments in cases 6 
and 7. 

which again is a maximnm, when sb = o, or at the centre, 

where M = -— 

2 2 

and which vanishes at the point of support, where x^^c. 

Case 9. 

Let I = length of beam, m the distance from the load W to one point 
of support. Then 2 — m is the distance from the load W to the other 
point of support. 

The reactions are respectively ^ — W, and — -y W. 

Fig. 10. 
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Then at any vertical section, A, (Fig, 10) distant x on one side (say 
the left) of the point of application of the load, the only force to the 
left of A is the reaction of the point of support, and this acts upwards 
with a leverage equal to the distance between the load and the point 
of support, minus the distance from the load to the section in question, 
so that 

For any point distant x on the other side of the load 

M= - ^?W X (w-») 

In both these cases M is a maximum, when 2 = 0, i.e., at the point 
of application of the load, 

whereM = -fn^^-ri?Ow 

and it vanishes at the points of support, where as = Z — iw, or tn, accord- 
ing as a; is taken on one side or the other of W. 

It is to be observed that the Moment of Flexure increases directly as 
W increases. 

Case 10. 

Let the partial load (Fig. 11) be uniformly distributed over a length 
X of the beam, and let one of its ends be at a distance y from the point 
of support nearest to it ; let the load per unit of length be to, and I the 
length of the beam* 



XOMBNTB or rLBXUBI. 

Fig. 11. 
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Then if the section A intersects the partial load, the forces acting on 
either side of the section are the upwards reaction of the point of sup- 
port on that side, and the weight of the part of the load lying to thai 
side of the section, acting downwards. 

Taking, say, the forces on the lefb side of the section, they are the 

reaction — "^ ^J "^ ^ ^' w z acting with a leverage a?, and the por- 
tion of the load + («— y) w, acting with a leverage ^ — ^ ^ ■, so that 

the maximnni value of which depends upon the relative values of y, t^ 
and {. 

It is a maximum when = y + e — > ^ /" f t and it vanishes 

at the points of support. 

When X falls to the right or left of the partial load, the moment is 
that due to the reaction of the nearest point of support, mxdtiplied by 
the horizontal distance of the section from that point. 

The addition of any load at either end of z will produce a second 
moment of flexure of the same kind as the original load, and, conse- 
quently, any addition must increase the value of M everywhere. 

Case 11. 

Let W|, Wg, W3, .... {Fig. 12) be any number of loads on a 

beam, distant respectively from one point of support m^, m^ m^ 

Fig. 12. 
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10 VOMINTS OF FLEXUBX. 

Then the reactions at the left point of support are 

" i 
_ Wo (I - mq) 

I 
_ W, (/ - m,) 

I 
and so on, 
acting with regard to any section distant x from the point of support 
with a leverage x. 

The loads lying between x and the point of support act in the 
opposite direction, i.e., downwards with leverages. 

X — m^ 



X — 7»3 

X — i;?3 
and so on 



LLC 

+ W, (x - m^) -h Wo (.«? — M,) + WgC^t — 7773) 

Tho maximum value of M depends upon tlie relative values of 

= Wj, Wfl, W3 and their positions, and it vanishes at the points of 

support. 
Case 12. 

Let the number of loads be even, and let them be all equal and 
symmetrically placed on tho beam, as in the case of a cross girder of a 
railway bridge. (Fig- 13). 

Fig. 13. 
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I 

Let the distance from the centre to the nearest load on either side 
be o, tho distance between that load and tho next h, and the distance 
from the last load to tlie point of support, d. 

Then at any section distant x from the centre, lying between tho two 
cpntral loads 

M = - 2 W (ci + 6 + a - .r) + W (A + a - a;) + W (a - x) 

= - 2 W f? - W /;. 
a constant quantity, which shews that the Moment of Flexure between 
the two central loads is the same at all sections. 

In the case of a cross-girder for a single line of way, the loads are 
only two in number, b vanishes, and each reaction = — W, whence 
M = - Wd. 

Tho cases above given, or modifications of them, include all cases 
likely to arise in practice, except those of beams fixed at oiie end, and 
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supported at tho other ; or fixed at both ends ; or snpported on more 
than two supports. 

Of the first two classes, some of the more simple cases are dealt with 
in tho paper on " Fixed Beams," and the third class, which is that of 
** Continuous Beams,'* is dealt with in Humher's Iron Bridges^ p. 22, 
Stoneifs Theory of Strains, vol. I., p. 185, and RanJcine^^ Civil Entjinecr^ 
ing, p. 287. 

Graphic Representation of Moments op Flexure. 

It is very convenient, in designing girders, to represent the maxima 
Moments of Flexnre graphically. The application of this practically is 
shewn in tho Example of a plate girder. It is also fully explained in 
Unwinds Iron Bridges and Roofs, p. 57. 

In tho meantime it is only necessary to explain what is meant by 
graphic representation. 

Taking the case of the uniformly loaded beam, case 7 ; 

At any point distant z from the centre 

-^ _ _ w (c^ — ay^) 

2 

Calcnlate tho values of M for values of x, a given number (n) of feet 
apart, beginning at the centre, where x =: o. 

Set ofE on anv scale (Fig. 14) the length of the beam AB, and divide 
it into parts n feet long on each side of the centre. 

Fig. 14. 




Set up at these points perpendiculars to A B, and on any scale of 
foot-tons, inch-tons, or other convenient units, lay o£E the value of the 
moments calculated above. 

Join their ends. 

If the number of parts into which A B is divided be sufEiciently 
numerous, the line joining the ends of the perpendiculars is a curve, 
commonly called " The Curve of Moments ;" and at any section in the 
beam the Moment of Flexure is represented by the perpendicular at 
that point. 

In this particular case M = — — ^— ^ which is the equation to 

a parabola when the origin of co-ordinates is at a point in the axis 
distant-^^ from the vertex, and the line joining the ends of tho 

different values of M is a parabola. 

In case 1, (b'ig. 15), as M = W (c — «), which is the equation to a 
straight line, the line joining the ends of Uie different values of M is a 
straight line. 
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Fig. 15. 




In case 2, (Fig. 16), M = to ^ — - — which is the equation to a 

parabola when the orig^ of co-ordinates is at a point distant c from th^ 
apex of the curve in a line touching the apex of the carve. 

Fig. 16. 
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On the same principles, in case 3, the moments may be represented 

Fig. 17. 




graphicallj by a triangle above, and a parabola below, the ordinates 
of the triangle representing the moments of flexure of the load at 
the endy those of the parabola representing the moments of flexure of 
the uniform load, and the sum of the two at any section representing 
the whole moment at that section. 

Similarly, 

In case 4, (Fig. 18), the moment of the load is represented by a 
parabolic curve under the load, and an inclined straignt line between 
the load and the point of fixing. 
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Fig. 18. 
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The rq>Te8entation of case 5 depends upon tbe proportion of the loads, 
to one another. It wonld be somewhat as shown in Fig. 19. 

Fig. 19. 




In caae 6 the representation is as in Fig. 20. 

Fig. 20. 
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Case 7 has abeadj been dealt with. 

In oase 8 the representation is as in Fig. 21. 

Fig. 21. 
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In case 9 the representation is as in Fig. 22. 

Fig. 22. 
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In case 10 the representation is as in Fig. 28. 

Fig. 23. 
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In case 1 1 the representation is as in Fig. 24. 

Fig. 24. 
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In case 12 the representation is as in Fig. 25. 

Fig. 26. 
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Resistance to Bending. 

Tho forces which resist bending at any vertical transverse section of 
the beam are the internal forces excited in the different particles or 
fibres of the beam. 



RESISTANCE TO BENDING. 15 

These forces, so long as the bending is slight, as in practice it always 
is, act sensibly in a horizontal direction, ar.d the resistance exerted by 
each particle or fibre acts with a leverage equal to the vertical distance 
between the particle or fibre, and the horizontal axis abont which the 
direct stresses tend to make the section rotate. 

The moment of resistance of each fibre is, therefore, its direct resist- 
ance multiplied by the leverage with which it acts, and the sum of all 
these moments constitute the Moment of Resistance of the section. 

When a piece of any material is bent by any forces, the fibres on one 
side are shortened or compressed, the fibres on the other are lengthened 
or extended. 

The effect of this when the forces act vertically, is, that no transvarse 
section, except one originally vertical, is any longer vertical, every other 
transverse section being now more or less inclined.* 

Then in every transverse section of the piece, there is manifestly some 
line of fibres where there is no direct stress at all. 

This line of fibres is called the neutral axis of the section, and it is 
about this axis, that the rotation above described takes place. 

To produce and maintain the extension and compression of the fibres, 
which is the immediate cause of this rotation, direct forces have been 
and continue to be applied, which forces, when equilibrium is established, 
are equal to the resistance excited in the fibres. 

If, then, the direct force or stress applied to each fibre is known, the 
resistance which that fibre exerts against further extension or com- 
pression is known also. 

Now it has been determined experimentally, that so long as the elastic 
limit is not exceeded, the quantity of extension or compression produced 
in the materials ordinarily used by the Engineer is directly proportional 
to the force applied to produce it, and further, that the quantity of ex- 
tension produced in any material by a given force is equal to the 
quantity of compression produced in the same material by an equal 
force, i.e., if one ton per square inch produces an extension of ^^ inch 
in a bar, two tons per square inch will produce an extension of ^^ inch, 
and so on ; and further, one ton per square inch will produce a com- 
pression ot -j^^j inch on the same bar, two tons per square inch will 
produce a compression of ^^ inch, and bo on. 

It has also been found by experiment (H.CE., p. 250) that in most 
cases which occur in practice, the longitudinal (ic^ the direct) stress of 
the layers of a beam may, without material error, be assumed to be 
uniformly varying, its intensity being simply proportional to the distance 
of the layer from the neutral surface, i.e., a fibre at an inch distant from 
the neutral axis is subjected to only half the stress, and exerts only half 
the resistance, which a fibre at two inches distance is subjected to, and 
exerts, and so on. 

On these data it is easy to shew that the neutral axis passes through 
the centre of gravity of the section of the beam. 



* In beams, fixed at one end. the section which remains vertical is at tbo point of tixxag ; in 
beain« snpported at both en is, and symmetrically loaded, it in at the centre of the beam, while 
In bea>ma ansymmeirically loaded, it« position depends apon that of the loud. 



16 THS MOXSNT OF BESISTAKCB. 

The investigaiion of this qnestion is given very clearly in Fenwiek*$ 
Mechanics of Consiruction^ p. 27.* 

The Momekt of Resistance. 

Taking it as proved, that, within the limits of elasticity, the nentral 
axis passes through the centre of gravity of the section, let Figs, 26 

Fig. 26, Fig. 27, 





and 27 represent the section and elevation of a beam (it maybe of any 
section, provided the law of the variation of its section be known), and 
let O O be the nentral axis. Let Y Y represent a layer of fibres, of 
which the breadth is 2, and thickness d ij. Let the distance of this 
layer from the nentral axis be y, and the distance of the lower side of 
the beam from the neutral axis //<,. Then the area of the layer ia zdy^ 
and the moment of resistance of this layer of fibres round the nential 
axis \sy z d y^ multiplied by some factor representing the actual in- 
tensity of the resistauce of the material of the layer, which has to be 
determined by experiment. 

In the particular case nnder consideration, the outer fibres on the 
lower side being farthest from the neutral axis are subjected to a 
greater stress than any others, and these fibres (which are in tension) 
must not be stretched beyond their elastic limit. 

Let the intensity of the stress, which will stretch the material as far 
as it can safely be stretched, bey|,, i.e., f^ lbs., cwts., or tons per square 
inch, or square foot, or other convenient unit of section. 

Then because the resistances of the fibres arc as tlieir distances from 
the nentral axis, the intensity of the stress on the fibres at the distance 
y from the neutral axis is to the intensity of the stress on the fibres at 
the distance y^ from the neutral axis as // is to y^. 

If / be the intensity of the stress at the distance y^ 

f ' fo '- y ' Vo 
which is the factor previously referred to. 

• ExporimcntB made for the War Depnrtnient by Mr. Kirknldy have shewn, that in armour 
plate iron, the quantity of extonsion pri>duced. by a friven lorco, when the Torco U considerable 
ont still within the elastic limit, is considerably f^'eater than the quanlity ol compros>uoa pro- 
duced in tlie same material by an equal -force ; and the same result will »irobably bo given by all 
dartile ironS' 

As further experiments on other qualities of iron, and other materials are mndo witli the im- 
proved vesting machine, and more accurate data in regard to their extension and oooinression 
under equal forces obtained, it will bo necessary for scientific construction, in dccling with 
materials which are not extended or compressed equally by equal forces, to modify the theory of 
the hesistance to Bending, as in such cases the neutral axis does not pass through the centre of 
m,vity of the section, but lies nearer to that aide of the aectiou ou which the alteration (k form 
la least. 
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Then tilie total amonnt of this particnlor layer of fibres is 



foV 
Vo 



yzdy 



Now tills is tmo for every layer of fibres of t!ie whole section, and 
therefore the Moment of Resistance of the whole section is 




+ V' 



-y 



frsV 



yzdy 



or 



Moment of Resistance = ''■^ 




+ y> 



— . 7iO 



y^zdy 



Now 




y^ z Jy is the Moment of Inertia of the section abont an 



axis passing throngh its centre of gravity, and it is nsnally represented 
by the letter I, the value of whicb, for any particular section, is g^ven 
in aU the text books, and the result is the well known formula. 

Moment of Resistance = -^ — 

Vo ^ 
Having now determined both t'le Moment of Flexure at any section 

of a beam and the Moment of Resistance, and knowing that when 

equilibrium obtains, they arc equal, it is only necessary to equate them, 

and by assuming some of the quantities involved, the remainder can be 

ascertained, i.e., given the load, span and form of beam, its dimensions, 

80 that the elastic limit may be nowhere exceeded, can be determined ; 

or given the dimensions and load, the maximum intensity of stress in 

the beam can be arrived at. 

TnB SnEABiNQ Stresses. 

When a load is put upon a beam, in addition to the direct stresses, a 
tendency is produced at every vertical section for the part of the beam 
on one side of that section to slide past the part of the beam on the 
other side, and the beam tends to give way in the manner shown in 
Fig. 28. 

Fig, 28. 
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is is the vertical shearing force. Its existence may be proved by 
8 of the small instrument shown in Figs. 29 and 30. 
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Fij. 29. 



Fig, 30. 








A represents a beam, which, instead of being fixed into the npright 
B, is connected with it bj means of two loops, C, (one on each side of 
A), working easily on pins at each end. 

The lower part of A rests against a stud D. The weights W| and Wj 
are equal, Wj being suspended at the outer lower end of A, and W© to 
a cord E passing over the pulley F, and attached to the inner upper end 
of A. 

The loops, like the upper fibres of the beam, are in tension, the stud, 
like the lower fibres of the beam, is in compression, and so long as Wg 
is attached to the line, the equilibrium is maintained as. shown in t'ig. 29. 

If Wg be removed, the beam A falls as nearly vertically, and as far, 
as the loops will allow it to fall, and assumes the position shown in Fnj, 
30, demonstrating the necessity of a vertical force at H to prevent this 
vertical sliding or shearing taking place. 

The effect of the bending action is to produce also at every horizontal 
section a similar slicaring stress, the existence of which it is much 
easier to demonstrate. 

Before considering the horizontal shearing stress, it is better perhaps 
to ascertain the value of the vertical shearing streess. 

The Vertical Shearing Stress. 

For this, two general and very simple rules may be laid down, viz., — 

(1). In the case of beams fixed at one end; the shearing stress at 
any section is the total weight lying between that section and the un- 
supported end of the beam. 

(2). In the case of beams supported at each end ; the shearing stress 
at any section is the difference between the reaction at either point of 
support, and the total weight lying between that point of support and 
the section in question. 

Thus in the cases previously taken ; 

Case 1. Shearing Stress, F = "W, 

which is the same at every section of the beam, and may be represented 
graphically by a rectangle {h^ij. 31,) ?.f?., the shearing stress at everj 
section in the beam is the same and equal to W. 
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Fig. 81. 
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Case 2. Shearing Stress F = tr (c — a*), whicH is a mazimnm, 
when = 0, or at the point of support 6, and may be represented 
graphicaUj as shown in Fig. 82. 

Fig. 32. 
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Case 3. SHbarmg Stress P = W + w (c — «) which, as before, is a 
TnaTiTimTn at the point of support B, and which may be represented 
graphicallj as shown in Fig, 3d. 

Fig. 33. 




Case 4. Shearing Stress F, at any section intersecting the load, 

= «; (« -f y — a;) 

which has its greatest value when y —- aj = o, i.e., when y z=x, or at 
the inner end of the load and which may be represented graphically as 
shown in Fig. 34. 

Fig.d4i. 




Case 5. Shearing Stress F = the sum of the loads lying between the 
section and the unsupported end of the beam, which is a maximum at 
the point of support IB, and may be represented graphically, as shown 
in J^\g. 35. 

Fig. 36. 
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THB YBBTIGAL SHBABINa STRESS, 



W 



w 

Case 6. Shearing Stress F = •— -everywliere, except at tlie point 

of application of tlie load, where it is nothing. It may be represented 
graphicallj, as shown in Fig, 36, the arrows indicating the direction in 



which shearing tends to take place. 

Fig. 36. 
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Case 7. Shearing Stress P = ta c ^ w (<j — ar) which is a mazimnm 
when ;0 = c, t>. at the points of snpport, and nothing at the centre^ 
and which may bo represented graphicallj as shown in Fig, 37. 

Fig, 37. 




Case 8. The Shearing Stress F is the snm of (6) and (7), and may 
be represented as shown in Fig 38. 

Fig. 38. 




Case 9. The Shearing Stress F is the reaction of the point of snp- 
port on ihat side of the load. 

The Graphic Representation is shown in Fig. 39, there being no 
shearing stress at the load itself, where the shearing stress changes 
direction, as indicated by the arrows. 

Fig. 39. 
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Case 10. The Shearing Stress F at any section, intersecting the 
partial load, = — "" v V "^ ^ ^ u; a + w (» — y), which increases from 



I 



some section nnder the load to each end of the load, the position of the 
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Beciion where there is no shearing stress, and the rate of increase, de- 
pending npon the relative values of ^, z and Z. It may bo represented 
graphi^dly as shown in Fig. 40. 

Fig. 40. 
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The most nsefnl example of this case is, where the beam is divided 
into two parts and the longer part is fully loaded, the other part not 
being loaded at all. 

In this case y =: I ^ z and the Shearing Stress F then eqnala 

— r- — wjaj — (Z— 2) f which is a maximnm when « — (Z — ») 

sc o or when the section is at the end of the load. 
The maYiTnum stress F at any section under these circumstances 

ss and it will bo represented by the ordinate of a parabola. 

If a train of carriages be supposed to come on to a bridge at the end 
A {Fig, 41) and gradually cover it, and if the train be considered as 
having a uniform weight per unit of length, the maximum stress at each 
section during this gradual loading may be represented as shown in 
Fig. 41, the extreme ordinate being half the total weight of the train. 

This case is more fully explained in a subsequent paper on BuUt-vp 
Wrought Iron Beams. 

Fig. 41. 
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Case 11. Tne shearing stress at any section is simply the reaction 
at either point of support, minus the loads lying between the section 
and that point of support. 

It may be represented graphically as in Fig. 42, but its graphic re- 
presentation is not of any practical value. 

Fig. 42. 



■ 



JlBodltn 



.*.-., 



if^- 



I 



T 



-»1 



1 



771-5 • 



I 



4ft- 



i 



h 



1 



JUactm, 



.v.. 



22 



THE HORIZONTAL BBlABINO 8TBIS8. 



The direction. 



r 



V or i( 



t 



in wbicli the sHearing stress in one 



space, in this case a h, acts, depends upon the relative value and position 
of the loads, and it may be determined as follows : — Consider the re- 
actions as negative, and the loads as positive ; beginning at either 
point of support deduct the loads in succession from the reaction at 
tliat point of support, and the change of direction in the shearing 
stress will take place at that load, where the difference changes sign. 

Case 12. The Shearing Stress F at any section is the reaction at 
either point of support, minus the load lying between that point of 
support and the section. 

It may be represented as shown in Fig, 43, there being no shearing 
stress between the two central loads. 
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Fig.AZ. 
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Thb Horizontal Shearing Stress. 

If a single piece of wood be loaded, it bends. Fig, 44, and nothing of 

Fi^,4A. 





this shearing force is seen, but if this 'piece of wood be cut into a 
number of layers and loaded as before, each bends separately and the 
whole assumes the form shown in Fig, 45. 

Fig. 45. 





Now it is clear that there was some force exerted in the iincut piece 
of wood, which prevented the sliding which has taken place in the cut 
piece of wood, and this force can be measured by the force which, 
applied at the ends of the cut piece of wood, would be required to 
force its parts into the position of that which is uncut. 

The measurement of this force is effected in this way. 

Professor Rankine has shown {A, My p. 88), that a shearing stress 
cannot exist on any plane in a body, without another shearing stress of 
equal intensity acting on a different plane, so that if, at any point A 
{Fig. 46), of a beam, there is a vertical shearing Btress, and a honzontal 
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Fig. 46. 

735 



iT-A 



J 



shearing stress they must be of equal intensity. Then if one is 
measurable, the other is known. 

In Article 309, p. 338 A. if., he shows how to get this stress in the 
following manner : — 

Let HFD (/'/V7. 47) be a vertical transverse section of a beam of 
nnifonn section, G E B another very near to it. 

Then if the Moment of Flexure at H P D differs from the Moment of 
Flexure at GB B (which it generally does), there must be a corres- 
ponding difference in the amount of the direct stress on two correspond- 
ing parts of the planes of section such as G E and H F. 

Fig. 47. 





In this particular case the direct stress is a thrust and is greatest at 
G E, /.e., towards the centre of the beam. 

The difference of the direct stresses at G E and F H constitutes a 
horizontal force acting on the solid H F E G, and in order to maintain 
the equilibrium of that solid, the amount of shearing stress on the plane 
F E must be equal and opposite to the horizontal force. The amount 
of the difference being divided by the area of the plane F E gives the 
intensity of the shearing stress. 

Distribution of Shearing Stress. 

Now it is obvious from the above that the shearing stress is greatest 
at the neutral axis, and nothing at the upper and lower edges of the 
beam, but this may be demons&ated in the following manner. 

The direct stresses at any section are nothing at the neutral axis 
and increase uniformly to the edges of the beam. 

Therefore the direct stresses on any vertical layer may be represented 
by a pair of triangles Fig. 48. 

When the Moment of Flexure differs at different sections, which it 
does in almost every case, the direct stresses differ, and therefore at 
any other section the direct stresses on any vertical layer, may be 
represented by a pair of triangles, larger or smaller than the first pair. 

Fig, 48. 
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Then the total difference between the direct stresses at the two 
sections is represented bj the total difference of the fonr triangles Fig. 
49, and the difference between the direct stresses on the part of the 
section outside of any line B C, at any other distance from the 
nentral axis is represented by the difference of the trapezinms outside 
of that line, which difference manifestly decreases as ^ C approaches 
the edge of the beam, and finally vanishes. 

Fi'g. 49. 
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This is not a nmformly varying stress. It decreases slowly at first 
and rapidly as it reaches the outer edges. 

The rate of the decrease of the shearing stress on any vertical layer 
of the beam may be investigated as follows : — 

Let ABO, Fig, 50, be the triangle representing the direct stresses 
on one side of the neutral axis at a vertical layer M N, one unit thick, 
of a beam. Fig, 51, and let C B O be the triangle representing the 
direct stresses on the same side of the neutral axis at the section Q B^ 
one nnit thick in the same beam. 

Fig. 50. Fig. 51. 
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It is required to determine the value of the shearing stress on any 
plane S T, one unit thick, distant x from the neutral axis O O, the 
direct stresses on the two vertical sections MN and Q B, being given. 

LetOB = y^ 
Then area of trapezium G S T B 

and the area of trapezium A E T B 

and the difference of these two, viz., 

^^^(yo-) (1) 

is the shearing stress on any plane, S T, distant m from the neutral aris* 

NowCA:SE :: OB:OT ::yo-« 
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whence S E s= 



CAx 



Substitnting this in (1), the shearing stress on S T 

= 2 — ^^(yo-aj) 



CA 



CA 






Afl this is the equation to a parabola, when the origin of co-ordinates 
is at a point in the axis, whose distance from the apex represents the 
shearing stress on U Y, i.e., the area of the triangle A O, the length 
of the ordinate at that point being y^, the distribution of the shearing 
stress over a vertical layer may be represented graphically as in Fig. 
62, in which a h represents the shearing stress on U V, i.e., at the 
q^ntral axis, S represents the shearing stress on S T distant z from the 
neutral axis, and the area of the parabola represents the total shearing 
stress on the layer. 

Fig. 52. 
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The complete investigation of this question is given in Rarikine^a 
Applied Mechanics^ p. 339. 

Resistance to Sheabinq. 

It is sufficient, here, to say that the resistance to shearing in any 
material is taken as directly proportional to the surface subjected to the 
action of the shearing stress. 

In proportioning the web of a wrought iron plate girder, it is, how- 
ever, necessary specially to consider the mode in which the shearing 
stresses are conveyed through the web to the points of support. 

The investigation of this is given by Mr. Unwin {Iron Bridges and 
Boofs, p. 29,) and the application of it is given in a subsequent paper 
on BvM-up Wrought Iron Beams. 

Results. 

1. In all cases, the Moment of Flexure at every point is a maximum, 
when the nn^fiTmim load, which the beam is intended to bear, is imposed 
upon it. 
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2. In beams fixed at one end, the Moment of Flexure is always a 
maximum at the point of fixing. 

3. In beams supported at both ends, and symmetricaUv loaded, part 
of the load being applied at the centre, the Moment of Flexure is a 
maximum at the centre of the beam. 

Where the load is symmetrical, no part of it being applied at the 
centre, the Moment of Flexure is constant between the two weights 
nearest to the centre. (Case 12.) 

4. In beams supported at both ends and loaded unsymmetrically 
with a single weight, the Moment of Flexure is a maximum at the point 
of application of that weight. 

5. In beams supported at both ends and loaded unsymmetrically, 
either with a partial uniformly distributed load, or with seTeral loads, 
the point, where the Moment of Flexure is a maximum, depends upon 
the amount and position of the load. 

6. In beams fixed at one end, the Moment of Flexure vanishes at the 
outer end of the beam. 

7. In beams supported at both ends, the Moment of Flexure vanishes 
at the points of support. 

8. Within the elastic limit, the extension or compression of any of 
the ordinary materials used by the Engineer, under any direct "stress, 
is directly proportional to that stress, and under equal stresses, the ex- 
tension is equal to the compression. 

9. Within the elastic limit, the direct stress on the fibres of a bent 
beam increases from the neutral axis, where there is no direct stress, at 
a uniform rate to the edges of the beam, the rate of increase of the stress 
on the fibres in tension being the same as the rate of increase of the 
stress on the fibres in compression. » 

10. Within the elastic limit, the neutral axis passes through the 
centre of gravity of each vertical section of a bent beam. 

11. The expression for the Moment of Resistance of any section of 

beam is ^^5—, where /^ is the safe stress per unit of surface, or intensity 

of stress, on the outer fibres of the section, on that side of the neutral 
axis, where the elastic limit is first reached ; y^ is the distance between 
the neutral axis and the outer fibre of the section on that same side, 
and I is the Moment of Inertia of the section about a horizontal axis 
passing through the centre of gravity of the section. 

12. The vertical shearing stress, at any section of a beam fixed at 
one end, is the total weight lying between that section and the unsup- 
ported end of the beam. 

13. The vertical shearing stress at any section of a beam, supported 
at both ends, is the difference between the reaction at either point of 
support, and the total weight lying between that point of support and 
the section in question. 

14. In all beams, however fixed or supported, the shearing stress is 
nowhere greater than at the points of fimig or support. 
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15. In beams fixed at ofte end, the shearing stress vanishes at the 
outer end of the beam. 

16. In beams, supported at both ends, and symmetrically loaded, 
part of the load being applied at the centre, the shearing stress vanishes 
and changes direction at the centre of the beam. 

17. In the same beams, when the load is symmetrical, no part of it 
being applied at the centre, there is no shearing stress between the two 
central loads. Case 12. 

18. In the same beams subjected to a load, having a uniform weight 
per unit of length, rolling on from one end, the maximum shearing 
stress at any section is produced, when the longer part into which 
the section mvides the beam is fully loaded, and the shorter part is not 
loaded at aU. 

19. The horizontal shearing stress on a vertical layer of any section, 
and consequently the vertical shearing stress, is greatest at the neutml 
axis. They decrease slowly at first and afterwards more rapidly 
to the outer edges of the section. 

. 20. Except in very large structures, the shearing stress may be 
treated as uniformly distributed over the vortical section. 

21. ■ The resistance to shearing stress is taken as directly propor- 
tional to the surface subjected to the action of that force. 
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DEFLECTION OF BEAMS. 



All beams used by the Engineer mnst be stiff enough as well as strong 
enough for the work they have to do. 

In the Paper on Stress in Beams it has been shewn how to determine 
the dimensions necessaiT for strength; in the present Paper it is 
proposed to shew how the dimensions necessaiy for stiffness may be 
ascertained. 

The investigation of the formula for deflection requires a knowledge 
of the Calculus, but the principles on which the investigation is carried 
out can be understood without such knowledge. 

Very complete formulae for deflection are given by Professor Eankine 
in his Applied Mechanics, p. 322 and 328, in his OivU Engineering, p. 
273, and in his Uspful Bules and Tables, p, 222, and his formulae provide 
for all cases which usually arise in practice. 

There is, however, one case of unfrequent occurrence, not given by 
Professor Rankin e, but given by Professor Moseley, viz., the case of a 
beam of uniform section loaded at one point, not the centre. This is to 
be found in Moselei/s Principles of Engineering and Architecture, p". 509 
to 513, Edition 1855, and the result is given at the end of this Paper. 

As regards the principles on which deflection is calculated : 

When a beam is loaded transversely, stresses of compression and 
tension are induced, as well as shearing stresses. All these stresses 
produce deflection of the beam. The deflection, however, due to the 
shearing stresses is so small, that it may be practically neglected. This 
is shewn in Applied Mechanics, p. 324, Art. 312. 

It remains then only to determine the deflection caused by the direct 
stresses, i.e., by the tensions and compressions. 

The deflection is measured by the deflection of the neutral line of 
the beam — that neutral line being a line passing through the neutral 
axis of every section of the beam. 

When the beam deflects, this line, if originally straight, becomes 
curved, or, if originally curved, alters its curve. 

Fi(j8. 1 to 6 show the position of the neutral line in beams of uniform 
section, where it is horizontal — in beams of uniform strength and 
uniform depth, where it is also horizontal — in beams of uniform strength 
and uniform breadth, where it is a curve. 



THl DSlXBCnOK CtTBYX. 



29 




Vhj^OTTn Stt&on. 



Vmform SedHen hounng a crojs 
sectufTi of tqual ^Irtngtk 




Uniform sltenffth 
VivfofTn dq>lh. 



Unifcfrmj strtnglh. Unifomv d/tptfi 
Croas aecUDtv of equal strtn^tfi 



I^e. 




Umfirm jitrength 
Vh^mv htadlh. 



jbtn^lh. Vmfbmt hrtadth. 
CroM ^tdiontf tqual strength 



If the nature of the deflection curve can be ascertained, bj referring 
it to a pair of rectangular co-ordinates x, and y, i.e., if the equation tu 
the curve can be determined, the deflection at any point, and conse- 
quently at the point where it is greatest, can be calculated. 

Let A D in ¥ig8, 7 and 8 represent the neutral line of a bent beam, 
Yig, 7 representing that of a beam fixed jit one end, and loaoed in any 
manner whatever, Fig. 8 representing that of a beam supported at both 
ends, and loaded symmetrically on either side of the centre, but other- 
wise in any manner whatever. These are the cases of most usual 
oocnrrence. 

FiQ.l. 
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Then it has been shown Stress in Beams, p. 4, et seq,y that the section 
where the greatest direct stresses occur is in each case at A. 

Let the dotted lines (Fig, 9) represent the radii of cnrvatnre of the 
cnrye at the different points on the supposition that the cnrve ip other 
than a circle. 




Then it is shown in all the text books, that at any section of a bent 
beam, the cnrvatnre, which is the reciprocal of the radios of curvature, 
is 

r '"EI 
r being the radius of curvature at the same point in the beam, where M 
is the moment of flexure, and I the moment of Inertia. 
This is obtained in the following way : 

Let A C, D F be two sections of a bent beam very near together, and 
let O be the neutral axis of the beam ; then, as &e sections are very 
close together, L M will be the common radius of curvature. 

Fig. 10. 








Also the fibre B M not only is the same length as it was originally, 
before the beam was bent, but it is the same length that all the other 
fibres A F, G N, and D were. 

From M draw M H E parallel to A G. 

Then HN will be the ^ongation which has been produced upon the 
fibre GH, at a distance MN (y) from the neutral axis. 
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Now by similar triangles 

LM:BM::MN:NH. ^ (1) 

or, in words, the radins of caryatnre (r) is to the original length 
B M of the fibres, as the distance from the nentral a2ds (y) is to the 
elongation of the fibre at that distance. 

Now it 18 known that the force per nnit of section required to pro- 
dace a given elongation is directly as that elongation, and the force 
per square inch of section required to produce on B M an elongation of 
lb M in length is the modulus of elasticity, E, of the material. 

Therefore, calling the direct stress per square inch at the fibre G H 

p : E :: NH : BM (all dimensions being in inches, p and E in lbs.), 
and substituting this in (1) 

r : E : y : p 

r = ^ (2) 

P 
Now the direct stress at any extreme layer is to be obtained from the 

equation 

f I 
M = '^^ (Stress in Beams, p. 17.) 

where /o is the stress in lbs. per square inch at the extreme fibre, and y^ 
its distance from the neutral axis (also in inches), 

».e.,/o J— 

and asj} : y : /o : yo,p =-^ = -=^ 

Substituting this value of p in (2) 

_E£_EI 1_ M 

*" My M ^^r EI 

I 

There is a way of obtaining the deflection from this equation by 
graphic eonstruction, which is described in Bankine^s Applied Mechaidcs^ 
p. 826, and in Bomkine^s Givil Engineering^ p. 269 ; but it is far .:more 
troublesome and not nearly so accurate as the method by calculation, 
and therefore it is not recommended. 

Now the radius of curvature of any curve is known by the differential 
calculus in terms of rectangular co-ordinates, x and v, to be 

^^ 

dit^ 

Fig. 11 
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and as in tbe case of beams in practice the deflection is al'wajs small, the 
value of the square of the tangent to the curve, i^j is at all points 

so small as to be inappreciable, and may be n^lected, so that 

1 , 1 cPv 
r =: -=5- and — = — >, 

cPv r dor 
d^ 
and the equation now becomes 

cPt;_ M .^. 

d^-Wl ^^^ 

which is the general equation to any deflection curve, the loading, form 
of beam, and modulus of elasticity of the material being known. 

The principle on which the deflection of all beams, fixed at one end 
and loaded in any way whatever, or supported at both ends and loaded 
symmetrically in any way whatever, is determined, is the same. 

The integration of the equation, however, differs for different forms 
of beams, i.e., — 

1st. For beams of uniform section. 

2nd. Do. of uniform strength and uniform depth. 

3rd. Do. of uniform strength and uniform breadth. 

Beams of Uniform Section. 
In beams of imiform section, the moment of inertia, I, is constant, 
and the general equation (3) can be integrated at once by inserting the 
value of M for any point distant, aj, from the origin of co-ordinates, 
which value contains the variable x only — i.e., for example, in a beam 
supported at both ends and loaded with a uniform load. 

Fig. 12. 
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M = u; 
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an equation easily integrated. 

Beams of Uniform Strength and Uniform Depth ; and Beams or 

Uniform Strength and Uniform Breadth^ 

In these beams the cross section is variable, and the moment of 

inertia, I, is different at every section of the beam. 

M 
The term =- therefore contains two variables, viz., M the moment 
£ I 

of flexure, and I the moment of inertia. 
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It is neceBsary, therefore, in these cases, before the general equation 
can be integrated, to find an equivalent value for I, T^hich shall make 
the general equation true for every section in the beam. 

Let Mq be the moment of flexure and I^ be the moment of inertia of 
the beam at the section of greatest stress, and let M be the moment of 
flexure and I be the moment of inertia at any other section. 
Then (^Stress in Beams, p. 17) 

M„ = ^ L, and M = ^ I 

2^0 y 

t.e.,M^:M:: folo : LJ 

Vo y 

f^ being the limiting intensity of stress at the outside of the beam, which 
in beams of this kind is the same at every section, y^ being the distance 
from the neutral axis to that outside the beam, where the limiting 
intensity of stress is attained at the section of greatest stress, 
and y being the distance from the neutral axis to that outside of the 
beam, where the limiting intensity of stress is attained, at any other 
section. 

Then from this proportion, 

I— M X Iq X y 

Mo xyo 
and the general equation (3) becomes 

^ - Mpyp f,. 

da? Eloy ^ ^ 

In Beams of Ukifoem Strength and Uniform Depth, 
the neutral line is horizontal, y^ = y, and equation (4) becomes 

dx^ E I. (^) 

an equation still more easily integrated than that in the first case, and 
which shows that the radius of curvature is uniform, and, consequently, 
that under any load whatever (provided that it is symmetrical on each 
side of the centre) the deflection curve is an arc of a circle. 

In Beams of Uniform Strength and Uniform Breadth, 

nsing the same notation as before, and calling Hq and h the total depths 
of the beam at the section of greatest stress, and at any other section 
respectively, 

Mo = t^ and M = Ai as before, 

2/0 y 

where /o is constant. Therefore, 

and 'Jo = MJo 
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Also in beams of this form 



:I ::n'? " 



andIo:I :: n'htL^ : WhV 
where h is the constant breadth and n a constant factor, 

/. lo : I : yo' • y* 
Substituting this in (6), 

whence ^ = \/^ (7) 

Substituting this again in (4) 

an equation easily integrated by substituting the values of Mq, the 
moment of flexure at tiie section of greatest stress, and of M, the 
moment of flexure at any other section, E and I^ being constant 

Beams undeb a known Maximum Intensitt or Stress. 

When beams have been designed to bear any given maximum inten- 
sity of stress, the equation may be put in a somewhat different form. 

Let/o be the limiting intensity of stress as before, and ^q the distance 
from the neutral axis to the outside of the beam on that side, where 
the limiting intensity of stress is attained, at the section of greatest 
stress. Let / be the actual intensity of stress at the outside of the 
beam at any other section, and y the distance from the neutral axis to 
the outside at that section ; both being on the same side of the neutral 
axis as /o and yQ. 

Then as before 

M =r Aid at the section of neatest stress, 

/I 

and M = -^ — at any other section. 

y 



From (3) 



whence / = •(» ^ ^ ^ 

Molyo 



dj^ EI Ey 



* It is to bo obserred that this is strictly tmo in the case of solid beams haring trianpmlar, 
trapezoidal, or roctaniralar sections, as well as in the case of hollow rectangular beani8 or 1 
BhA])od beams, in which the thickness of the material (</) in the vertical web or webs is constant 
and the external and internal heights, h, h^, bear a constant ratio to one another, 
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It is not strictly true for the ordinary soctions of either cast or wrought iron beunB ; bnt the 
error introduced into the reenlt^ by regarding it as true, is very small, and on the side of safely. 
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Substitnting tbe value of/, as above obtained 

^_ /o_ ^Jq (Q\ 

In Beams of Uniform Section, 
I is nniform and the equation becomes 

^ = JjlK (10) 

In Beams of Unifobm Strength and Uniform Depth, 

as M = ^— , and/o and i/q are constant, --- is constant at eveiy section, 
Vo 

^~5 = unity, and tbe equation becomes -^ = ^^ (11) 

MqI aar i±lyg 

whicb shows, as before, that in beams of this kind the oorvatnre is 

nniform and the deflection curve an arc of a circle. 

In Beams of Uniform Strength and Uniform Breadth, 

it has already been shown (6) that 

Kq^MIo 

y M^I 
It has also been shown (7) that in these beams (the breadth being 
constant) 

y ^ M 

Balistitatmg this in (9) 

an equation in which both Mq and M can be expressed in terms of op ; 
the other factors being constant, and which is easily integrated. 

Beams with Gross Sections of Equal Strength. 

These beams are those which are of snob a form that the limiting 
stress is reached on each outside of the beam at the same instant. 

As an example, take>a cast iron double-T girder. Then, if the iron 
be of such a nature that a stress of 7*5 tons per square inch can be put 
on it in compression with sa&iy, while a stress of only 1*5 tons per 
square inch can be put on it in tension, the metal, for a cross section 
of equal strQTigth, should be arranged so that the extreme fibres ip 
oompzeesion are five times as far from the neutral axis as the extreme 
fibres in tension. 

The stress on the fibres being directly as their distance fVom the 
neutrcj axis, it is evident that the outside fibres on each side reaqh their 
iimitipg stress iEit the same moment 
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In this case calling/^ the limiting stress on one side, /^ the limiting 
stress on the other, y^ the distance on one side, y^ on the other. 

2a, s= /ft_JlZb= J^jJif at any section, where h is 

y* Vu+yb ^ 

the total depth at that section. 

f f f 

At the section of greatest stress, -^ = jiJ^ becomes ^ and h becomes 

h^ whence ^ = ^^^^ \ which can be snbstitnted for ^ in equations 

^o *o y© 

10, 11, and 12. 

It is bj the integration of the foregoing equations, for beams under 
different loads, that Professor Bankine obtains the formula and tables 
given in p. 832 and 829 Applied Mechanics^ and p. 273 Owil Engineer^ 
tn^, and in Useful Eulea and Tables^ p. 222. 

Thfise results may be tabulated, as follows : 

For deflection under any load 

where V is the maximum deflection, v!" is the factor given in the 
following table, W the total load, o the total length in beams fixed at 
one end, and half the length in beams supported at each end, I the 
moment of inertia at the section of greatest stress, %,e,^ the point of 
fixing in beams fixed at one end, and the centre of tJie beam in beams 
supported at both, all dimensions being in inches. 

Unifobm Cboss Sectioit. i!S!SL^^ 

I. Fixed at one end, loaded at the other, -^ 

n. Fixed at one end, loaded uniformly, -^ 

m. Supported at both ends, loaded in the middle, 7 

IV. Supported at both ends, uniformly loaded, xg 

Unifobu Stbbnqth Ain> Unifobm Depth. 
y. Fixed at one end, loaded at the other, -g- 

VI. Fixed at one end, loaded uniformly, -r 

Vn. Supported at both ends, loaded in the middle, -r- 

^^ 1 

VlIL Supported at both ends, loaded uniformly. *g- 
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ITnifobm Stbbngth and Unifobm Breadth. 

2 

Fixed at one end, loaded at ihe other, -^ 

o 

X. Fixed at one end, loaded uniformly, -^ 

XL Supported at both ends, loaded in the middle, -^ 

o 

XIL Supported at both ends, nniformlj loaded, 0*1427 

For deflection under Proof load, or any load giving a known limiting 

y -,<^ fop aU beams; (14) 

V = — \£^-lhl — for beams with cross sections 

of equal strength ; (15) 

where n* is the factor given in the following table, f^ the limiting stress 
on the weakest side of the beam, y^ the distance of the neutral axis 
from the outside of the beam on that weakest side at the section of 
greatest stress, f^ yj,, the limiting stresses in compression and tension, 
and \ the total depth at the section of greatest stress. 

Unifobm Cboss Section. dS2«ioS^ 

I. Constant Moment of Flexure^ -o- 

IL Fixed at one end, loaded at the other, -k 

nL Fixed at one end, loaded uniformly, -r 

lY. Supported at both ends, loaded in the middle, q- ^ 

y. Supported at both ends, loaded uniformly -jo 

Unifobm Stbenoth, Unifobm Dxfth. 
YI. Supported and loaded in any manner, ^ 

Unifobm Stbength, Unifobm Bbeadth. 
Vn. Fixed at one end, loaded at the other, 



8 

yUL I^xedat one end, baded unifonnly, 4... 1 

2 

DL Supported at both ends, loaded in the middle, ^ 

X. Supported at both ends, loaded uniformly, 0*6708. 
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The deflections given by these formnlsB are, in the cases of beams of 
nniform strength supported at both ends, somewhat greater than wonld 
be given bj actual experiment, because, in these beams, it is always 
necessary to add more material to the point of support than the theory 
assumes to be present; such additional material being necessary to 
resist the shearing stresses. 

In the case rd^erred to at p. 28, i.a., the deflection of a beam of 
uniform section supported at both ends, and loaded with a single load 
not at the centre, the deflection is given by two equations : 

(16) being applicable to the part AB (Fig, 13) of the beam, and (17) 
being applicable to the part BC ( A%. 13) of the beam ; the origin of 
co-ordinates in both cases being at the point of application of the load 
P3, and the co-ordinates being as shewn in Fig, 1 3. 

The deflection at the point of application of the load := — * i?l^*^ 

and the maximum deflection below the li ne A C is at a p oint between 
B and C, whose distance from B = a, — ^i <*2 (''a ~" ^Oj) 

jP^. 13. 



Where a beam is under more than one load, such for instance as a 
single load as well as a uniformly distributed load, the deflection at any 
point is g^ven by adding together the deflections at that point due to 
each load ; and when the point of maximum deflection caused by each 
of the loads is the same, the total maxim am deflection is given by 
adding the maximum deflection due to each load together. 

When the points of maximum deflection due to two loads on one 
beam considered separately do not coincide, as for instance, in a beam 
loaded with a uniform load as well as a single load not at the centre, in 
which case the point of maximum deflection for the uniform load is at 
the centre, while that for the single load is between the centre and the 
load, the position of the point of maximum deflection varies with the 
relation of the two loads to one another, and can be most easily ascer- 
tained by laying down the deflection curves of each with ordinates to 
an exaggerated scale {Fig, 14), and measuring the actually longest 
joint ordmate. 
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Fig. 14 
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TIMBER BEAMS. 



It baa already been stated that all beams for permanent structures, of 
whatever material, must be both sufficiently strong and sufficiently stiff. 

Sufficient strength consists in the beam being able to sustain 
permanently the s&esses induced by the load for which it is intended, 
the elastic limit not being exceeded in any fibre. 

Sufficient stiffness consists in the b^m being able to sustain per- 
manently these same stresses without deflecting more than a certain 
Sroportion of its length, this proportion being an arbitrary factor 
educed from experience. 

In timber beams supported or fixed at both ends this is usually 
^ in. per foot run of length, -y^, (Tredgold*8 Carpentry^ p, 48) whicn 
would be equivalent to fhs ^ beams fixed at one end. 

There is nothing which destroys the appearance of a room more than 
excessive deflection of the ceiling, and every one, in these days of cheap 
houses, has felt the inconvenience and discomfort of having everything 
in a room set shaking by a person walking across an insufficiently stiff 
floor. 

Timber beams, in practice, are always either square, rectangular, or 
circular in section, generally one of the two first forms in all works 
except those of a temporary character, such as scaffolding, and military 
bridges. 

It is seldom worth while, for the purpose of economy, to cut timber 
beams, intended to carry heavy weights, to any but square or rectangular 
sections ; and these forms have the advantage of allowing the timber to 
be cut as nearly as possible in a direction parallel to the longitudinal 
fibres of the wood. 

As the strength of beams of similar forms, equal lengths, and under 
equal loads, increases aa the breadth and as the square of the depth, 
while their stiffness increases as the breadth and as the cube of the 
depth, and their resistance to shearing as their sectional area, it is plain 
that the deeper a beam can be made, provided its sectional area is large 
enough to resist the shearing forces, and provided it is broad enough to 
have sufficient stiffness laterally, and to allow of its being properly 
secured, the smaller its sectional area will be and the less the quantity 
of material in it. In many cases, however, it is more economical not to 
have deep beams, as for instance, in a house with a double floor, where 
every inch added to the depth of the beam entails an additional inch of 
height to the walls of the building, and where, therefore, it may bo 
cheaper to employ broader and shallower, or more numerous girders. 

In determining the dimensions of a timber beam for any purpose it is 
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eonvenient first, to fix its breadth, then to calculate its depth for 
strength and sti&ess, and to adopt the greater of the two values 
thus obtained. 

It may be here said, that it is customary to omit altogether the 
consideration of the shearing stress in timber beams, an omission which 
may be made with perfect safety in all beams, of any material, having 
a rectangular or circular section. 

As the direct stresses increase from nothing at the neutral axis 
uniformly to the outer edges of the beam, there is always near the 
neutral axis a mass of material which has little or no direct stress to 
bear, and this material is precisely in the position where the shearing 
stress is greatest, so that, provided the whole sectional area is sufiicient 
to bear the shearing stress, which in these beams it always is, there 
can be no tendency to fail by shearing, and the consideration of this 
stress may be omitted. 

In calculating the dimensions, necessary for strength, of a timber 
beam, the most scientific method would be to determine on which side of 
the beam the fibres would soonest reach their elastic limit, substitute 
the value of the safe stress per unit of section, of the nature (com- 
pression or tension) which that side could safely be called upon to bear, 
and the value of y^ for that side (Stress in BeamSf p. 17) in the expression 
for the Moment of Resistance, i.f., 

4i 

Vo 

and equate this with the Moment of Flexure. 

It is, however, customary with timber beams of rectangular or circu- 
lar sections, instead o| this, to substitute for/^, which is the safe direct 
stress per unit of surface in tension or compression, according as the 
material is stronger under compression or tension, a factor called the 
Modulus of Rupture, which has been derived from experiments, and is 
given in Useful Rules and Tahl^is, p. 199, dividing it by a factor of safety 
proper to the material, which in timber is 5- for a dead load and 10 for a 
live load {Useful Rules and Tables^ p. 205) ; and to take ^o ^ a ^^® depth 
of the beam. 

This substitution of the Modulus of Rupture, cannot be so accurate 
as the more scientific method, because it proceeds on certain assump- 
tions, which are certainly not true ; but the result is accurate enough 
for the purposes of the Engineer in dealing with such a material as 
timber. 

EXAMPLE I. 

A fir beam (red pine) of rectangular section and average quality, is 
buOt into a wall at one end, and uniformly loaded with a weight of 
192 lbs. per foot run ; dead load. The length of the projecting part of 
the beam is 6 feet, its width is 4 inches. 

* The prineiple is talW stated here ; but in timber, the fibres on the compression side in* 
JuiaiAj reach their eUuMio limit first. 
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Determine ; 

Ist, its depth at every foot, for Tiniform strength, allowing a proper 
factor of safety, and neglecting its own weight. 

2nd, its deflection, when it is cut to this form. 

3rd, its deflection, supposing its section thronghont to be the same as 
the section at the wall. 

4th, the depth necessary to limit the deflection to ^^ of tke length, 
the section being uniform throughout. 

Bemarks, 

This is the case of a beam for a balcony or gallery. 

The equal distribution of the load on all the beams would be ensured 
by framing their ends together, and the weight of the beam is included 
in the total weight. The load is considered as dead, as it is calculated 
for a number of persons so packed on the balcony that they could not 
come on suddenly, or move when on. The breadth of four inches is 
taken as sufficient for lateral stiffness. 

It illustrates, by showing how the deflection is increased, the dis- 
advantage of cutting the beam to the longitudinal section proper for 
"\miform strength." 

PreUminariea. 

Let d inches = depth at any point distant x inches from fixed end A 

of beam. 
„ 6 „ = breadth = 4 inches. 
jj c „ = length = 72 inches. 

„ w lbs. = weight on each inch in length of the beam = :r^ - lbs. 

= 16 lbs. 
„ /, lbs. = Modulus of Rupture per square inch of section for fir 

(Red pine or Scotch fir) of average quality (Useful 

Rules and Tables, p. 199) = 8,400 lbs. 
„ E lbs, = Modulus of Elasticity for the same class of fir (Useful 

Buhfiand Tables, p. 196) = 1,680,000 lbs. 
„ 5 . = Factor of safety proper for timber with a dead load 

(Useful Rules and Tables, p. 205.) 
1. The Moment of Flexure, at any section of the beam distant x from 

A, = ^li^^:^^ (Stress in Beams, p. 5) (1) 



/c 



^l 



The Moment of Resistance at any point of the beam = — C^) 

Vo 

where I = Moment of Inertia of the section of the beam about a hori- 
zontal axis passing through its Centre of Gravity, i.e,, (in a rectangular 
section) tV ^ ^^ (Useful Rules and Tables, p. 218.) 

5 = Factor of Safety. 
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When equilibrium obtains (1) and (2) are equal 

2si I 



•.a., 



w (c— a5)'__ 5 



^a ^ i<^--? ^tl^ (3) 

2 6 

in which equation all the factors are constant except x and A ; and there- 
fore c — 35 is directly proportional to d^ the equation to the underside of 
the longitudinal section of the beam being the equation to a straight 
line. 




Substituting in equation (3) successive values of *, 

when « = 60 inches, d = 1*014 inches 



aj = 48 
aj = 36 
aj = 24 
» = 13 
a; = 






» 



^^ 



d = 2-028 
d = 3-042 
d = 4056 
d = 5-070 
^ = 6-085 



>> 



>9 



» 



» 



It is evident that the same results would be obtained by setting down 
A C = tlie depth at the wall = 6*085 inches and joining B C. 

2. The formula for the total deflection of the beam, which (if it bo 
cut to the triangular section shewn in Fig, 1 is a beam of uniform 
strength and uniform breadth) is given in Deflection of Beams, p. 36, 
and is 

^_ n'" W c» 
EI 
where n"' = | 

W lbs. = total load on beam = 192 x 6 = 1152 lbs. 
c inches = total length = 72 inches. 
E lbs. =Modulus of Elasticity (as before stated). 
I = Moment of Inertia = -^^ h d^ 
= ^ X 4 X (depth at wall)^ 
= j^ X 4 (608)5 
whence V = 1*8960 inches, 

a deflection which would be inconveniently large, the maximum allow- 
ance being -^hs ^ ^*^^ — '^ ii^ch. 

3. The formula for the total deflection of the beam, if it bo not cut 
into the form for uniform strength is still (JDefloction of Beams p. 38) 
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v = 



- » Wcg 



EI 



but the value of n"' is now J, instead of |, all the other factors being 

the same as before, whence the deflection would be— ^— ^ — = '474 inches. 

4 

This deflection is still too large, if the deflection be limited, as is nsnal 
to -^ inch per foot ran, (p. 40), and it would be necessary, either to 
widen or deepen the beam. The latter would be the more economical 
application of the material. 

4. In order that the beam may be stilP enough, the section remain- 
ing uniform throughout, it is necessary to find the depth which will 
give the maximum deflection, i.e., -^ inch per foot run. 

= -^ inch = V 

Then as before V = Jl^ 

Jii I 

^'^" tVE-6(^ 
whence cP = 319-926 

and d = 6*834 ins., which depth being greater 
than the depth necessary for strength would be adopted. 

EXAMPLE n. 

A beam of English oak of first-rate quality and of rectangular sec- 
tion, 6 inches wide, has a clear bearing of 12 feet, is support^ at both 
ends, and weighted with a single weight of 5000 lbs. at a distance of 3 
feet from one end, and with a uniformly distributed load, viz., the 
weight of the beam and ceiling, of 1,600 lbs. 

Determine, 

1st, the depth necessary for strength. 

2nd, the depth necessary for stifhiess. * 

Bemarks. 

This is a case not frequently occurring in practice. It does, however, 
occur, as in a passage between two rooms of unequal width, the rooms 
and passage beinff roofed by a double roof only (t\g. 2). 

The breadth of 6 inches is taken as convenient for fixing the plates 
and ceiling joists. 

The beam is considered as supported, not fixed, because it is desirable, 
whenever it is possible, to leave a free access of air all round the ends 
of timber beams to prevent decay, and it cannot therefore be secured in 
Buch a manner as to be considered " fixed." 

Fig. 2. 
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The load is that due to the length of thereof between two of the oak 
beams. 

Preliminaries, 
Let d inches = depth at any section distant x from one end A of the 

beam. 
6 „ = breadth = 6 inches. 
2 „ = length = 144 inches. 
m = the distance of the single weight to one point of support = 86 
n = the distance of the single weight to the other point of support 

= 108" 
W lbs. = total load at C = 5,000 lbs. 
w lbs. = weight on each inch run of the length of the beam due 

to the uniformly distributed load = \^^ lbs. 
f^ lbs. as Modulus of Rupture per square inch of section for 
English Oak of first class quality (Useful BuUs oiid 
Tables, p. 199) = 13,600 lbs. 
E lbs. = Modulus of Elasticity for the same class of oak {Useful 

Rules and Tables, p. 196) = 1,750,000 lbs. 
5 = Factor of safety proper for timber with a dead load 

(Useful Rules and Tables, p. 205). 
(1) The section of greatest stress of the single load W is at C, while 
that of the uniformly distributed load is at the centre D, (Stress in 
Beams, p. 8 and 7.). 

Fig. 3. ^ 

u n \ 4» m -»l 

H ^ A— — ' 1'' 

If the single load W is (as in the present case) large in comparison 
with the uniformly distributed load, w I, the section of greatest stress is 
still at C ; but if it is small, the section of greatest stress is. somewhere 
between C and D. 

This is shown as follows : 
At any section x between A and G 

which, by diiferentiation, is found to be a maximum, when a? =— x --— ? 

2 wl 

If — =- exceeds C D in length, the section of greatest stress is at C ; 
w I 

and if it does not, i.e., if u; Z is large in comparison with W m, the 

w I 



section of greatest stress is in C D, because however small may 

wl '' 

be, it must always hare some positive value. 

In the present case — ~ = 9*37 feet, while C D = 3 feet, and the 

wl ' 

section of the greatest stress is at C. 
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THs may be shown graphically, as in Fig, 4s 

Fig, 4:. 



where the ordinates of the parabola represent the moment of flexnre 
of the nniformly distributed load^ and the ordinates of the triangle, 
those of the siagle load (^Stress in Beams, p. 11 and 14), a mere inspection 
of which shows the maYimnm Moment of Flexnre to be at C. 

The case where W is small in comparison with wHq shown by the 
dotted lines in Fig, 4, where the maximum value is obtained by drawing 
a line b c parallel to A a, tangential at (2 to the curve of Moments of the 
nniformly distributed load. 

As W becomes smaller, 6 c becomes more and more nearly horizontal, 
and d approaches nearer and nearer to D, never reaching it, so long as 
W has any value at all. 

Equating (1) with the value of the Moment of Resistance, as in 
Example I., and recollecting that the — signs in (1) refer only to the 
direction in which bending takes place. 

Wm , wlx 10 7^ f^bcfi 

12 2 80 

Substituting the values given above, and making aj = m, 

d^ = 57-57 
d = 7'6 nearly. 
(2) The depth necessary for stiffness. 

As before stated (Deflection of Beams, p. 38) the easiest way to ascer- 
tain the maximum deflection due to two loads, where the points of 
maximum deflection do not coincide, is to lay down the deflection curve 
for each, and measure off the maximum deflection. 

The equation to the deflection curve of the uniform load is obtained 
by integi-ating equation (3) (Deflection of Beams, p. 33). 

d2 1; _ M _ w; (c2 - ar^) 



i,e. 



dJ^ EI 2EI 

between the limits of o and x, whence 

v; ( r^ x^ _^ .r* ) 

^~2Eir¥" 12) 
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The equations to the deflection cnrvo of the single load are given at 
p. 38 Dejiedion of Beams. 

Calculating the defllections in terms of =r^., taking for simplicity all 

dimensions in feet, at distances of 1 foot apart, and lajing them down 
to a scale of parts (Fig, 5) it is found that the maximum deflection in 
this case is ahout 9" from the centre of the beam, and by measurement 
y_ 3888000 243 



Ex 144x^3 15760 ci» 



Fig, 5. 




. a. 



The maximum allowable value for V, in order that the ceiling may 
not crack (p. 40) is -^ti of B E = -- foot. 

wi, 5 _ 243 

Whence -^r-j^ = -rrir^^^ 
240 15750^3 

d = -90 foot = 10-8 inches 

and as this dimension is greater than that necessary for strength, ifc 

would be adopted. 

This Example shews very clearly the necessity of considering stifiEness 

as well as strength. 

EXAMPLE III. 

A rectangular Memel fir girder, average quality, 18 feet bearing, 
is to carry a floor and ceiling in a barrack. Its breadth is 12 inches, 
and its centre is 10 feet from the centre of the next girder on either 
side. It is "supported only" at each end. The weight that such a floor 
has to support may be taken at 1|^ cwt. per foot super., including its 
own weight and the weight of the ceiling. 

Determine the depth necessary for strength and stiffness^ the greatest 
allowable deflection being ^^ inch per foot run of span. 



48 EXAMPLE. FLOOB OIBDEB. 

Remarks, 

This is the case of an ordinaiy girder for a double floor. Its width ifl 
determined by the ordinary size of Memel logs in the market, i.e., about 
12 or 13 inches square. The bearing, 18 feet, is about the limit for 
which untrussed timber beams would now be used. 

The weight of the floor and ceiling is taken from, the ordinary prac- 
tice, and includes the maximum weight that could in any case come 
upon th^u&oor, supposing the room to be crowded with men, in which 
case the load would come on slowly, and would not more when on. 

The distance, 10 feet, from centre to centre of the girders is taken as 
about the usual distance from centre to centre of the piers between the 
windows of any ordinary house. The g^ders should rest on the piers, 
not on the arches over the windows. The beam is considered as sup- 
ported, not fixed, for the reasons given in Example 2. 

Preliminaries. 

Let d inches = depth. 

6 „ = bfewith = 12 inches. 
- ^c ,, = halL\?lear span^of girder = 108 inches. 
• i«Jibflr== weighl fTlJ^MuL jncli run of the length of the girder 

10x1 xlfx 112 1400 « 
= - 12^^ =T2-/^«- 

/, lbs. = Modulus of Rupture per square inch of section of Memel 
Fir (Red Pine) average quality (Usefid Bides and Tables^ p. 199) = 
8,400 lbs. 

E lbs. = Modulus of Elasticity for the same class of fir (Usefid 
Uxdes arid Tables, p. 11)6) = 1,680,000 lbs. 
5 = Factor of Safety proper for timber with a dead load 
(Usefid Rules aiid Tables, p. 205). 
Then the Moment of Flexure at any section distant x from the centre 

of a uniformly loaded beam = t(; c (c — aj) — '^ ~ "o (^ "" ^^ 
which is a maximum when » = o, i.e., at the centre, when Moment of 
Flexure = -^- (Stress in Beams, p. 7.) (1). 

The Moment of Resistance at any point of the girder 

/o T 

5 
— (Stress in Beams, p. 17). (2) 

where I, y^, and 5 have the same meaning as in Examples 1 and 2. 
Then, when equilibrium obtains (1) and (2) are equal, and 



2 "1^"" 30 

whence d^ = 2025 
and d = 1423 
which is the depth necessary for strength. 



(3) 
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(2). The maximum deflection allowable being taken at -^ inch per 
foot run of girder, {TredfjoUTs Carpentry, p. 48), the total deflection is 

i^ = ^ inch. 

The case being that of a uniformly loaded beam of uniform section 
supported at both ends, (^Deflection of Beams, p. 36). 

y=!q^ (4) 

where n'" =z^,cz=z 108^, I = yV X 12 x (P 

ft. ft. cwt. lbs. lbs. 
W = total load = 10 x 18 x 1^ x 112 = 25200 
, . 5 X 25200 X 1088 

^^"^"^^= 48 X 1680000 xci^ 
J^ = 4374 

d = 16*85 inches, 
which is the depth necessaty for stifEness, and as it is greater than the 
depth necessary for strength, it would be adopted. 

If there were any difficulty in getting timber of this depth, or if for 
any other reason so great a depth were objectionable, the depth might 
be reduced ; 1st, by putting the girders closer together and so decreas- 
ing the weight on each : 2nd, by putting two girders alongside of one 
another, and so decreasing the weight on each by one half ; 3rd, by 
trussing the girders ; 4th, by using cast or wrought iron. 
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FIXED BEAMS. 



Undeb tliis head it is proposed to deal only with the simpler cases, 
which occur in ordinary practice, i.e., where the beams are of uniform 
section throughout, symmetrical above and below the neutral axis, and 
under a dead load. 

The subject of fixed beams, in the form of continuous girders sub- 
jected to a rolling load is one of considerable difficulty, and is beyond 
the scope of these elementary papers. It may, however, be stated, that 
little advantage accrues from mailing " small " girders, intended to sup- 
port passing loads, continuous ; and that even where such girders are 
large enough to allow of considerable saving of material, they should 
not be used, where the foundations of the piers are insecure, as a 
subsidence of any of the points of supports will cause a change of stress, 
the amount of which it is impossible to foresee, and which may seriously 
injure the structure or perhaps render it dangerous {Stoneijy Theory of 
Strahis, p. 1G8, Vol. 1). 

I>Ir. Stoney fixes the span, at which 'it becomes worth while to 
consider the question of continuity, at about 150 feet for each opening. 

Definition of a " Fixed Beam.'* 

Let A B (Fig. 1) be a beam, rectangular in elevation and supposed to 
be without weight, supported on two points of support. 

Fig. 1. 



A,r 




Then the ends A C, B D are vertical. 

If a load be placed on the beam, it assumes the form shewn in Fig, 2, 
the ends A C, B D inclining inwards. 

Fig. 2. 




! 
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If the beam be now supposed to be lengthened at each end, and 
either weighted by the weight W or held down by fastenings (Fig. 3), 
so that the ends A C, B D, when the load is imposed are prevented 
assuming the inclined position shown in Fig. 2, and are compelled to 
retain their original rertical position, they are said to be " fixed," and 
the bending of the beam takes place as shown in Fig, 3. 

Fig. 3. 
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It 18 obvious, that if the load on the beam be large, and the weight 
W insufficient, or if the fastening be too weak, the ends will be able to 
assume an inclined position, the inclination being somewhere between 
the vertical, and the inclination which they would have had, if supported 
only. Such a beam is said to be " imperfectly fixed." 

The Direct Stresses in Fixed Beams. 

When a beam is merely supported at the ends, and loaded, it assumes 
the form shown in Fig. 2, and there is then no direct stress at the points 
of support. 

When it is fixed at the ends, the ends remain vertical, and it is 
evident that in this latter case direct stresses must be acting at the 
ends with sufficient intensity to retain them in this position. These 
stresses may be represented as shown in Fig, 4. 

Fig. 4. 
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TisceA Old. 

The beam is now concave downwards at the points of support, and 
there is a direct stress of tension above the neutral axis, and a direct 
stress of compression below the neutral axis at these points. 

At the centre the beam is still concave upwards, and the stresses are 
the same in character as before, though different in amount, i.e., they 
are still in compression above, and in tension below the neutral axis. 

It is evident, that in every fibre between the points of support and 
the centre of the beam, the nature of the stress changes somewhere, 
those fibres which are in tension at the supports being in compression 
at the centre, and those which are in compression at the supports being 
in tension at the centre. 
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The points where this change takes place are called the points of 
contrary flexure, contra flexure, or inflection ; and at them there is no 
direct stress, hut only a yertieal shearing stress. 

The cases most useful to the Engineer, in ordinary constructions, are 
the following, all the hcams heing of uniform section throughout their 
length, and symmetrical ahove and below the neutral axis. 

(1). Beam fixed at one end, supported at the other, loaded at the 
centre. 

(2). Beam fixed at one end, supported at the other, loaded with a 
uniformly distributed load. 

(3). Beam fixed at one end, supported at the other, loaded both 
with a load at the centre, and with a uniformly distributed load. 

(4). Beam fixed at both ends, loaded at the centre. 

(5). Beam fixed at both ends, loaded with a uniformly distributed 
load. 

(6). Beam fixed at both ends, loaded both with a load at the centre 
and with a uniformly distributed load. 

(7). Beam supported on more than two points, equidistant from 
each other, and in the same straight line, loaded with a uniformly 
distributed load. 

(8). Beam fixed at both ends, and supported on one or more 
intermediato poii^s, all the points of support being equidistant, and 
in the same straight line, loaded with a uniformly distributed load. 

Case 1. The inyestigation of this case in its most general form is 
given in yjoseley^s Engineering and Archiieciure, p. 524, article 377, 
edition 1855. 

Reducing the general investigation to suit this particular case, it 
stands as follows : 

Fig, 5. 



B: 



.4^ 



T 



Fix^ enJy Su.pporte€i etvd 

Let M = Moment of Flexure at any section. 
„ B be the origin of coordinates. 
„ Z = length of beam. 

Then — = ~j~^— :^— and M = E I — -5 
r da^ EI dx^ 

roranypointbetweenBandD,EI^2=-^(^-*)+'^Ci- »") (1) 

and for any point between D and A, E I — ^ = — R (Z — aj) (2) 

Integrating (1) between the limits o and x. 

ElJ^ = Y(^«-a^)-R( i«- ^) + constant (3) 
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When aj = 0, - — = o .*. constant = o. 

ax 

Integrating again 

^■" = I (¥-t)-«(t-t) + •»»«"' « 

when x=i o\ v = o .*. constant = o. 
Substituting — for x in these equations, representing v at D, by Dj, 

and calling y the inclination to the horizon of the tangent at D. 

EItan.y=-g — g— (5) 

andEIDi=— — ^ (6) 

Integrating (2) between the limits of ^ and ». 

When « = -— , constant = E I -r— •= E I tan. y 
2 dx ' 

Eliminating tan. y between (7) and (5) 

EI^- = -K(,.-f) + 5^3? (8) 

Integrating again between the limits of -- and a?. 

EIt;= -R(^ 2- -_- _ + jg; + -g- + constant 

When a? = — , constant = E I v — ^r-^ , and t; in this case, (i.e., 

M xO 

when aj = '^- ) = Dj 

WZ8 5 RZ8 



Substituting the value of D^ from (6), constant = — 



48 48 



..EIt;--R(^_--;- ^g-+ ~g- (9) 



When aj = I, i; = 0, and 

T,/Z8 Z3\ WP^WZS 



= 



2 6 >^ 48 8 

whence R = ^^ W. HQ) 

Substituting this in (1)M= -■5VG-«)W-f(l - »)w 

When a; = 0, M is a maximum, and = ^^ W Z (11) 

When M = 0, t.6., at the point of contraflexure, a; = -^ Z (12) 
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SnbstitDtiDg tffe value of R from (10) in (2). 

When a; is as small as possible, i.e., between D and A, when a; = — , 

M is a maximnm and = — -^ W Z 

When aj = Z, t.«., at A, M = o 
Substituting the value of R in (9) 



(13) 



WP , WPa 



(U) 



48 8 

which is the equation to the deflection curve between D and A. 
By differentiation, v is found to be a maximum, when 

Substituting this value of a? in (14). 

^_W^ 1 

EI 48 ^5" 

or substituting 2 c f or Z ; V = -w^ ^ — 7-— 

Jijl 6 ^/5 

The equation to the deflection curve between B and D is obtained 
by substituting for R its value, i.e., ^ W in (4). 
The shearing stress may be represented graphically as shewn in Viq. 6. 

¥ig, 6. 




Case 2. 



'Pig. 7. 




Proceeding in this case on similar principles to case 1, the following 
results are obtained : 



R = |w;Z 
Moment of flexure at B = 



8 
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Mazimnm negative moment of flexure = — =^^77 w P, when x 

Point of contra flexure, where aj = — . 

4 

Equation to the deflection curve 

^'-Ell 8 V2 6>'"^2 V 2 3 12>') 

which makes v a maximum, when 2 = *578 Z, and 

y _ WP ' 2614 



=1' 



or, substituting 2 c for Z, V = 
Shearing stress. 



EI 48 
Wc» 2-09 
EI 48 

J^^. 8. 




Case 3. 

It will be seen, on reference to cases 1 and 2, that the section of 
greatest stress in both is at the point of fixing. The moment of flexure 
at this point decides the dimensions or strength of the beam, and equals 
the sum of the moments of flexure in cases 1 and 2. 

To determine the maximum deflection, the simplest way is to lay 
down the deflection curves, exaggerating the ordinates, and to measure 
the deflection as described in Deflection of Beams, p. 38. 

The shearing stress may be obtained by combinmg Figs. 6 and 8. 



Cass 4. 



Fig, 9. 




Moment of flexure at B (and A) = 



8 



MaximuTn negatiye moment of flexure, at D, = — 



Wl 

8 



56 



DIFFERENT CASES OF FIXED BEAMS. 



7 Q 7 

Points of contra fleznre, where » = -- and —-, 

4 4f 

Equation to the deflection curve between B and D, 

EI I 16 12 3 

which makes t; a Tnaximum, when v = - and 

2 



V = 

or, substituting 2 c for Z, V = 



WP 1 



EI 192 

W (fi 1^ 

EI 24 

The shearing stresses are the same as in a beam supported at both 
ends (Stress in Beams, p. 20). 

Case 5. Fig. 10. 




Moment of Flexure at B (and A) = 



12^ 



Maximum negative moment of Flexure, at D, =: — 



w1^ 



24 



Points of contra flexure, where ^ = '211 Z and '789 I 
Equation to the deflection curve between B and D, 

w 



V = 



24 E 



Al^x^-2la^-{-xA 



I 



which makes v a maximum, when x=: — and 

EI 384 EI 384 
or substituting 2 c f or Z, V = -= -=- — 

The shearing stresses are the same as in a beam supported at both 
ends. (Stress in Beams, p. 20). 

Case 6. The sections of greatest stress, both in Case 4 and Case 5, 
being at the points of fixing, the Moment of Flexure at these points 
decides the dimensions or strength of the beam, and equals the sum of 
the Moments of Flexure in Cases 4 and 5. 



DIFFEBENT CASES 01 FIXED BEAMS. &7 

The mazimnm deflection is at the centre in both 4 and 5, and the 
whole deflection is the sum of the two. 

The shearing stresses are given by adding the shearing stresses 
in 4 and 5 together. 

Case 7. The results in this case are shewn on Figures 11 to 14, 
W being the total load, and w the load per unit of length. 

Fig. 11. 



i- ■■C--M '\r 2c -i^ M at A and C = 

jiw fw Aw 



Fig. 12. 



ZC"-* 



M at A and D = 



^f f ? ? M at B and C = i w 0* 

jjw iiv *W iJw 



Fig. 13. 

K- -»c -^ r n r MatAandE = 

^i f y 7 ^ MatB andD = ^wc« 

A- ;«- ifw «w A^ ^"^^C =f«.c. 



Fig. 14. 



M at A and F = 



AB C D 1 1 MatBandE=TVi^o» 

I I : i T T MatCandDrryVwc* 

ifew j»V ^w 4^^ JfeW ifeW 

This case is nsefnl in designing principal rafters of iron roofs, when 
the deflection and shearing stresses are not required to be known, and 
they are therefore not given. 

Case 8. In this case each length of the beam is in every respect in 
ihe condition of a beam fixed at both ends. 
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Results of Fixing one oe both ends of Beams of Unifobm Section* 

supported at both ends. 

(1) Load at centre, one end fixed ; the strength is increased in the 

proportion of 4 to 3 ; the stiffness in the proportion of 1 to 
'447 ; the shearing stress is increased at the fixed end, and 
reduced at the supported end. 

(2) Uniformly distributed load, one end fixed ; the strength is not 

increased ; the stiffness is increased in the proportion of 5 to 
2*09 ; the shearing stress is increased at the fixed end, and 
reduced at the supported end. 

(3) Load at centre, as well as a uniformly distributed load, one end 

fixed ; the strength and stiffness are both increased in some 
proportion depending upon the ratio of the two loads to one 
another, and the shearing stresses are also altered, the alter- 
ation depending upon the same ratio. 

(4) Load at centre, both ends fixed ; the strength is increased in the 

proportion of 2 to 1 ; the stiffness in the proportion of 4 to 1 ; 
the shearing stresses are not altered, 

(5) Uniformly distributed load, both ends fixed ; the strength is in- 
4 Creased in the proportion of 3 to 2 ; the stiffness in the pro- 
portion of 5 to 1 ; the shearing stresses are not altered. 

(6) Load at centre, as well as a uniformly distributed load, both ends 

fixed ; the strength and stiffness are both increased in some 
proportion depending upon the ratio of the two loads to one 
another ; the shearing stresses are not altered. 

EXAMPLE I. 

The bridging joists resting on the girders of Example III., Timher 
BeamSy are of fir, average quality, 2^ inches wide and 1 foot apart 
from centre to centre. They are firmly nailed at the ends, and, being 
also kept down by the floor lK)ards, may be considered, while the wood 
is sound, as " fixed " at the ends. 

Determine ; 

1st. The dimensions necessary for strength, the section of greatest 
stress being at A in Fitj. 15. 

Fuj, 15. 
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• TUeso results ftio given onlj' when the beam is symmetrical above and below the nontn^l 
nxis, a« in s^piaro, circuhir and double T beams havimi eijual tlan^cs. For « ther beam;*, stich 
us sinL'le T or double T beams with uiietinal tlanjrcs, the increase of strentrth and Htiffiiesa (if 
any) depeiuls upon the section, and the resistance of the material in compression and tension. 
It may happen that a beam of this kind in weakened by fixing it, as in cast iron beams having 
crosid sections of equal utrongth, 
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2nd. The deflection at B. 

ord. Compare the dimensions thus obtained with the dimensions 
\vhieh would be necessary for strength and stifEness, if the joists were 
Considered as "supported only." 

Bemarks. 

This is the case of an ordinary bridging joist resting on two girders. 

Its breadth is the minimum on which the heading joint of the floor 
boarding can be properly made. (Those joists are, however, frequently 
made 2" broad, and Iredtjold gives 2' as the minimum). 

These joists are so fixed and weighted that they might be considered 
B>8 " fixed," but in ordinary practice they are not so coiisidered. 

Preliminaries, 

Let d inches = depth in inches. 

6 „ =iz breadth = 2'5 inches. 

c „ = half clear span of joist in inches = 54 inches. 
«; „ = weight on each inch run of the length of the joist 
_ Hxll2 _ 140 1^ 

f^ lbs. = Modulus of Rupture per square inch of section of fir, 

(Scotch) average quality (^Useful Rules and Tables^ 
p. 199) = 8400 lbs. 
E lbs. :2= Modulus of Elasticity for the same class of fir, 

(JJseful Rul's and Tables, p. 196) = 1,680,000 lbs. 
5 = Factor of Safety proper for timber with a dead load 
{Useful Uults and Tables, p. 205). 
Then (p. 56) the Moment of Flexure is a maximum at. the points of 
support, and 

= '^ (1) 

12 ^^ 

The Moment of Resistance at any section of the joist 

At 

5 
= — (Stress in Beams, p. 17). (2) 

Vo 

where I, y^^, and 5 have the same meaning, as in previous Examples. 
Then when equilibrium obtains, (1) and (2) are equal, and 

/o 

w P _ 5 _ /„ 6 (P 

12 y„ 30 

whence d^ = 16*2 

d =4*02 inches. 
(2). The deflection is given by the formula in p. 56, viz. : 

Y^wl^ J_ 
EI 384 
whence V = '184 inch, 
which, taking to' P^r foot run as the maximum deflection to be allowed, 
is suflRciently stiff. 



' '* ~ " V. X 2-5 x"«P X 168 
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(3). If the joist be considered as " supported only/* as in Example 
III., Timber Beams^ 

^ = i^ (Sfr»M Ml Beoiiw, p. 7 and 17). (8) 

whence d = 7 inches nearly, for strength. 
And for stiffness 

V = ^'"Jl^ inflection of Beams, p. 36). (4) 

IS 1 

T^y X 2-6 X iP X 1680000 
whence d = 6*4 inches, 
so that the depth of 7 inches wonld be adopted. 

7* X 2^" are the dimensions given by 7}redgold for floor joists, 1 foot 
apart, and 8 feet bearing. 

Oeneral Bemarke. Timber beams, snch as floor girders built into 
walls, cannot properly be calcniated as " fixed" beams ; for even if they 
are originally boilt solidly into the walls (which, however, is bad oon* 
struction, as ventilating spaces ought to be left i-onnd than) they are 
sure to shrink, and become ^'impmectly fixed" to some extent. 

Common floor joists, common rafters, bridge or jetty stringers^ nailed 
firmly at the ends, are, so long as the timber and fit^tenings hold, 
" fixed" beams, though the dimensions in ordinary use for them are for 
"supported" beams only. 

The principal rafters of timber king and queen post roofs are, from 
the manner in which they are secured, *' fixed" beams. 

The principal rafters of iron roofs are often secured by a single bolt 
at the fdot, in which cti80 the lowest length approaches the condition 
of a Ujani fixed at one end, and supported at the other. Where they 
an! secMiifMl by two bolts at the foot, they are "fixed" beams. 

Wrought iron beams for use as floor girders should i*est upon a stone 
template, and sliould have another template resting above and on their 
ends. This construction ensures their acting as "fixed" beams. 

Cast iron beams are not suited for use as " fixed" beams ; for if they 
are of the ordinary section, the upper and smaller flange is thus brought 
into tension at the points of fixing ; and it is not economical to make 
the flanges of the same size, merely for the purpose of fixing them. 
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CAST IRON BEAMS. 



Cast Iron is, for many reasons, inferior to Wronght Iron as a material 
for beams, but it possesses one advantage wliicli makes it valuable to 
the Engineer, especially for beams of comparatively small dimensions; 
viz. : that it can l^ run into moulds of almost any form, and the 
material can thus be arranged to meet in the most advantageous manner 
and with the leasi possible waste, the stresses which the different parts 
of the beam have to resist. 

It has already been seen (Stress in Beams, p. 15) that the direct 
stresses, in any section of a beam under transverse stress, increase 
uniformly on both sides of the neutral axis, to the upper and lower edges 
of the section, while the shearing stress increases (Stress in Beams, p. 28), 
but not at a uniform rate, from the upper and lower edges of the section 
to the neutral axis. 

As the resistances to the direct stresses are directly as the stresses, it 
follows that when tlie material at the edges of the section is exerting as 
great a resistance as it can exert without its elasticity being impaired, 
the material lying near the neutral axis is hardly called upon to exert 
any resistance at aU. 

In order then that the quantity of material required to resist the 
direct stresses may be as smaU as possible, it must be placed where 
each part of it will exert, as nearly as is possible, its greatest safe 
resistance, and this is manifestly at the upper and lower edges of the 
section. 

As there is no ^hearing stress at the upper and lower edges of the 
section, the material thus collected near the edges is under very little 
shearing stress, and, in fact, the intensity of the shearing stress upon 
it is so small that it may be neglected. 

If, then, the material reqxdred to resist the direct stresses be collected 
at the upper and lower edges of the section, so as to form two flanges 
or tables, and if they be connected by means of a vertical layer or web, 
capable of resisting the whole of the shearing stress, the whole of the 
stresses are provided for, and the section assumes the form known as 
the double T shaped section. 

The extent, however, to which the metal can be removed from near 
the neutral axis, and collected in the flanges, is limited by the conditions 
necessary for obtaining a sound casting. These conditions are : 1st : 
That there shall be no sudden variation in the thickness of the metal, 
any such variation causing the thinner parts of the metal to cool sooner 
than the thicker parts, inducing internal stresses in the metal before the 
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load comes on, and sometimes loss of shape. It is best to have nd 
variation whatever, for although a beam designed in this way may take 
a little more metal, it is more to be depended npon. 2nd : Tliat the 
thickness of the different parts shall bo such as to allow the fluid metal 
to fill all parts of the mould before it has time to part with any material 
part of its heat and fluidity. 

The thicknesses of the different parts of a flanged beam necessary to 
ensure these conditions can only be determined by the experience of the 
founder, as they must depend to some extent upon the distance which 
the metal has to run, in order to completely fill the mould, but the pro- 
portions may be approximately stated as follows : for flanges of 2 feet 
in width, it is not wise to have a less thickness than 1^ inches, and for 
flanges 18 inches wide, not less tlian 1 inch, while for narrower flanges 
a somewhat less thickness may be used, although it is not a good plan 
to fine down the metal too much. 

The thickness of the web should be very nearly (better quite) the 
same as that of the flanges. 

The proportion, which the areas of the flanges of the section bear to 
each other depends, to some extent, upon the elastic limit of the iron in 
tension and compression, t.c, more metal should be put into the tension 
flange than into the compression flange, the elTeot of which is to bring 
the centre of gravity, and therefore the neutral axis, nearer to the tension 
side of the beam, while the metal in compression is thus placed at a 
greater distance from the neutral axis, and consequently in a position to 
exert the greater resistance of which it is capable. 

It is shewn further on, that if the area of section, the thicknesses of 
flanges and web, and the total depth of the sfctitiii b? given, there is 
one proportion for the widths of tlio two iLmjx^^ which gives the 
Monicut of Resistance of the seotioii a luiiximuni value, or in other 
words, arrani^es the metiil in sucli a way as to get from it the greatest 
possible resistance to fracture by cross breaking. 

Before, however, explaining how this ])roportion of the widths of tho 
flanges is arrived at, it may be better to shew on what principles such 
beams are usually dealt with by Engineers. 

The usual method is to necrlect the resistance of the web to the direct 
stresses, and to suppose that it is removed, the area of the flanges as 
well as their breadths beii^tj^ made inverselv pvo]>ortional to their 
working resistances ; thus 

iV;/. 1. 
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and the supposition is also made tliat each fibre of each flange exerts 
the same resistance as the extreme fibre of that flange. 

On these suppositions the resistance of the flanges are equal, and con- 
stitute a couple, the Moment of which is equal to the total resistance of 
either flange, multiplied by the distance between the centres of resist- 
ance of the flanges, i.e., A^ X f^ X d ^ A x f^^ x d = Moment of Resist- 
ance of section, which being equated with the Moment of Flexure at 
any section gives the dimensions of the flanges required. 

In practice it is usual to take d as the whole depth of beam at the 
particular section under consideration. 

This formula overrates the strength of such beams, for it proceeds on 
two assumptions neither of which is correct. 1st ; That the neutral 
axis passes through the centre of gravity of the two flanges only, and 
that consequently the working resistance in the extremes fibres of each 
is excited nearly at the same time, whereas the neutral axis in all beams 
having webs of the ordinary thickness is really much higher up in the 
section, and the working resistance of the extreme fibre of the tension 
flange is excited long before that of the extreme fibre of the compression 
flange is nearly called out. 2nd ; That the ftdl working resistance of 
which the metal is capable is excited in all the fibres of both flanges, 
whereas it is excited in the extreme fibres only. 

Beams designed by this formula are not, as is frequently supposed, 
beams having cross sections of equal strength, bat are always weakest 
on the tension side, and the formula can only be admitted for use by 
taking a low working resistance in tension.* 

The foregoing formula is the same as that given in most books of 
Engineering formulae, 

viz., W=^i 

V 

where W is the weight in tons, which, applied at the centre, will break 
a beam supported at both ends, I is the clear span of the beam in feet, 
a the area of the bottom flange in square inches, and d the total depth 
in inches. 

This formula is derived from the experiments of Mr. Hodgkinson, 
full details of which are given in Exjyenmental Researches on the Strencjth 
and oih-er jproperties of Cast Iron, hy Eaton Hodghiiison, F.R.S., p. 444. 

Tl^e conclusions therein given are, that " when the length, depth, 
and top flange in different cast iron beams with very large flanges are 
the same, and the tliickness of the vertical part between the flanges is 
" small" and invariable, the strength is nearly in proportion to the size 
of the bottom flange ; and that in beams which vary only in depth, 
every other dimension being the same, the strength is nearly as ^tho 
depth. 

Whence in different beams whose length is the same, the strength 
must be nearly as their depth, multiplied by the area of a middle section 
» 

• A cross section of oqnnl stron^'th is one in which the material is so arranged that when 
the greateht rc^jistance of which tlir iiiaterinl is rn]iable in tension is excited in the exti-cn>e fibre 
on the tension side of the section, the i^vatcst rosisrance of which the mat«>-ial is capable in 
compression Is excited in the extreme fibre on the comprc&oion side of the section. 
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of their bottom flange, and when the length is different, the strength 
"vvill be as this product divided by the length, 

.-. w = ^"^ 

where W = the breaking weight at the centre of a beam supported at 
both ends, a = area of a section of the bottom flange at the centre, d 
= depth of the beam at the centre, I = the distance between the sup- 
ports, and c = a constant detennined by experiment. 

The value of this constant was found to = 26'8 tons for beams cast 
erect, and 257 tons for beams cast on their side. 

Neglecting the decimals and taking 26 tons as the mean value of c, 

w- 26 ad 

where W is in tons and a, d and I are in inches. 
Putting I into feet the formula becomes 

^ ___ 216Ga d 

and omitting the decimals it becomes 

It is to be observ^ed, with regard to this formula that Hodgkinson*s 
experiments were made with beams having much thinner webs, than it 
is customary, or wise to use in practice. In his beams the quantity of 
metal in the web was smaller, relatively to the quantity in the flanges, 
than it is in ordinary beams, and the Centre of Gravity, of the two 
flanges only, did not differ so much from that of the whole section, as 
it does in ordinary beams, in which the thickness of the web is nearly 
(better quite) the same as that of the flanges, and the formula gives 
results which are inaccurate in proportion to the thickness of the web. 

The custom in using this formula is to determine the area of the 
tension flange, and to make the area of the compression flange a certain 
fixed proportion, generally ^^ of the area of the tension flange. 

Some Engineers recommend a larger fraction, and Humber (Iron 
Bridges, p. So) recommends j ; and this no doubt has the advantage of 
stiffening the compression flange against lateral bending. 

It is also recommended by some writers, that where the load is on 
the top, the proportion should be ^, apparently with the object of giving 
room for the proper putting on of the load. 

One objection to the formula in this form is that it only determines 
the section of a beam at the centre, and does not enable the Engineer to 
desig^n a beam of uniform strength. 

The determination of the proportion of the width of the two flanges, 
which gives the best arrangement of the metal, is as follows : 

It has already been shewn {Stress in Beams, p. 17) that the moment 

of resistance of the section of a beam is ^ , where /^ is the working 

resistance of the extreme fibre of the section on that side, where the 
working resistance is soonest reached, y^ is the distance from the neu- 
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tral axis to the extreme fibre on that same sid^, and I is the moment of 
inertia of the section about a horizontal axis passing through its centre 
of gravity. 

If /^, fy^ be taken as the working resistance in compression and 
tension respectively, y^, y^, as the distances of the extreme compression 
and tension fibres from the neutral axis respectively, then the moment 

of resistance of the section is either ^ I, or ^ I, according? as one or the 

other has the smaller value, and when they are equal, the section is 
called a cross section of equal strength. 

f f 

In this case :l? I = ■^L whence/. :/|, :: y. :yb> *-^> *^® distances of the 

extreme fibres from the neutral axis are directly as the working re- 
sistances. 

The strongest form of section for a given quantity of metal, given 
depth of section and given thickness of web and flanges, will be that in 

/ f 

which the smaller of the two expressions :^ I or -^ I, has its maxi- 

y* yb 

mum value. 

Thus supposing a section (Fig, 2) to be assumed (or calculated by 
the rough method already given), let it be required to determine, 
whether, and how the metal may be redistributed so as to obtain greater 
■strength. 

In order to simplify the investigation it is considered best to deal with 
a dimensioned section rather than with one described by symbols, and 
for the same reason to take the web and flanges of uniform thickness. 

There is no difficulty, though a little more trouble, in making a 
similar investigation for a section of varying thickness, provided the 
web is treated as a rectangle having a width equal to the mean thick- 
ness of the web. 

Let Fig. 2 be the section in question. 

Let X be the width of the part to be taken from the top flange, and 
added to the bottom flange. 

Fig, 2. Fig, 3. 
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Then the width of the top flange becomes {Fig, 3) 5 — a; and the 
width of the bottom flange {Fig, 3) 15 -f ». 
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I = 3485-9 - 180 »- 18 a? 
l^ 8485-9 -180 a.- 18 a;*^ ^^^^ i^ ^ n^aximmn. 

yb 7-5 _ I 

By differentiation x = 1*53. 

Whence the best distribution of the metal is as shewn in Fig. 4, 

Fig, 4. 
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and it is seen that the stress on the extreme fibre of the top flange is 

not quite double that on the extreme fibre of the bottom flange. So 

that although the metal in the top flange does not exert nearly the 

resistance of which it is capable, any further transfer of the metal, with 

a view to increasing the stress on that in the top flange, will have the 

effect of reducing tiie whole strength of the section. 

f I 
Substituting in the expression -^^ — the actual maximum value of 

— , and equating this with the moment of flexure for the case for 

which the beam is to be designed, the value of /,, is determine<l> 
thus 

f I 

•^^ — = Moment of Flexure 

, /. Moment of Flexure x Vh 
whence /i, = = ^ 

and if the value /i, is greater than the proposed working resistance, 
another section with more metal in it must be assumed and the best 
arrangement of the metal determined, the operation being repeated 
until a section suitable for the particular case is arrived at. It is of 
course essential that when the extreme tension fibre is exerting the 
required resistance per square inch, the stress on the extreme compres- 
sion fibre does not exceed its safe working resistance. The resis- 
tances exerted being directly as the distances from the neutral axis, it 
is at once seen whether this is the case. For instance in the section 
just examined, if the load be such as to make/,, ^ 15 tons per square 
inch, /^ will be 2*93 tons, which is safe for any cast iron whatever. 

The ratio of the elastic limits in tension and compression in different 
kinds of cast iron varies very much, being in the softer kinds of cast 
iron as high as 1 to 3, while in the harder kinds it falls as low as 1 to 

6 or 7. 

The iron best suited for girders, especially where they are to be 
subjected to a rolling load or shocks of any kind, as in railway bridges, 
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is of an intenoediate kind, and it is onsbomary for the Engineer to 
specify that an iron of this kind shall be sapplied hy the ironfomidei', 
and to take an average value for the working resist&oce of snch iron to 
different kinds of stress. 

T&e average valne of the resistmice to each of the three kinds of 
stress which snch cast iron can safely be called upon to exert, may be 
taken (E. 1. B., p. 7],) to be as follows : 

Working resistance in tension 1*5 tons per aq. inch. 

„ „ compression 8'0 „ 

„ „ shearing 2-33 „ 

The Modnlns of Elasticity may be taken at 16,000,000 lbs. 

There are two other forms of cast iron beams in use, vii., the trough 
girder {Fig. 5), and the single T {Fig. 6). 

The fimt is nsed on railmays to receive a longitudinal sleeper to 
which the rails or chairn aro fastened ; the second is used in small 

ros, generally to form the abutments for brick or concrete arches as 
wn in Fig. <S. 

Fig. 6. 




Trough girders are frequently oast with sji upper flange, in which 
case it is more convenient for the subsequent replacing ol' the timber 
to cast the flange on the outside, {Fig. ?), and freqnenfly often in two 
parts, (twin girders, Fig. 8), afterwards bolted tc^ther. They may 
be reduced in depth to the ends, so ae to become approximately beams 
of nuiform strength and breadth. 

When there are two flanges, the calculations are in evety respect the 
same as for au oi-dinary T girder. 
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When there is no compression flange (and this applies equally to the 
single T girders for small spans) the outer fibres of the web have to 
resist the maximum compression, and it is advantageous to have them 
numerous, both in order that the metal may work to advantage, and to 
give lateral stifEness to the parts under compression. The total width 
of the web at the top should not be less than \ of the width of the 
bottom flange (it would be better to make it y) in which case the 
area of the tension flange may be calculated in the same manner as the 
tension flange in the double T girder, the area of the web being 
sufficient to resist the shearing stress. If this proportion entails a very 
thick vertical web, it may be cheaper to design the girder with an 
upper flange. 

Cast iron beams and cantilevers are sometimes made with open webs 
but there is an objection to open webs, that they afford more than 
ordinary facility for the formation of air bubbles in the process of 
casting, and are specially liable to unequal cooling, and it is therefoi*e 
better not to use them, where heavy, and more especially heavy rolling 
loads are to be carried. 

In calcidating the dimensions of such beams and cantilevers, the 
flanges are calculated in the ordinary way, and there should be at every 
vertical section ample metal left in the web to resist the direct shear. 

The objection to open webs above mentioned applies equally to pro- 
jections on the web of the girder, technically called " feathers." 



Fig. 9. 




Featkers. 




^ea/Aenf. 



Cast iron girders sliouM never be " fixed " at the ends. If they are 
'* fixed/' the npf)er flange is in tension at the points of fixing (Fixed 
Beants, p. (50), and the greatest stress on the section is produced pre- 
cisely where there is the least material to meet it. 

EXAMPLE I. 

It is required to design a pair of cast-iron double T girders to carry 
a single line of railway over a road 18 ft. wide. 

The weight of the rolling load on the bridge is to be taken at 1 1 tons 
per foot run. The approximate weight of the structure resting on and 
including the girders may for first calculations be taken at 4 cwt.* per 
foot run. 

The relative dimensions of the upper and lower flanges are to be 
inversely as the working resistances of the iron in compression and 

* This weight, 4 cvt. p^tr foot run, is not Bufficient, as will be seen by ranning oat the weight 
of the bridge as designed. 
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tension, and in the calcnlations the resistance of the web to the direct 
stresses is to be neglected. 

The depth of the girders at the centre is to be i^ of the span, say 
22 inches, and it is to diminish to the ends, the dimensions of the flanges 
being the same throughout. 

The working resistance of soft grey cast iron in tension is to be taken 
at 1*5 tons, its resistance in compression at 8 tons, its resistance to 
shearing at 2*33 tons, x>e^ square inch. 

Determine : 

1st, The sectional area of the flanges at the centre of the girder. 

2nd, The central section. 

8rd, The sectional area of the web at the piers necessary to resist 
shearing. 

^th, The longitudinal section and plan of the girder, allowing 1 ft. at 
each end beyond the centre of bearing. 

5th, The deflection. 

Hemarhs, 

This is the case of a railway bridge over a country roa<i, the plat- 
form being supposed to be carried on the lower flanges of the girders. 

Cast iron girders are not very often used for carrying lines of rail- 
way over much greater spans than that given in this example, but this 
depends upon the opinion of the Engineer. Some Engineers have not 
long since used them up to nearly 40 ft long, while others restrict their 
use on main lines to 12 ft. openings. 

It is desirable, in calculating aU iron girders, to consider the span to 
be the distance from centre to centre of bearings, and not merely to be 
the distance between the piers. 

If these girders, therefore, have a bearing of 2 fb. in length on each 
pier, the clear span to be calculated for will be 20 ft. 

The rolling load per foot run is greater on short bridges than on long 
bridges, because the bridge has to bear at some time during the passage 
of a railway train, the whole weight of an engine, whereas in long 
bridges, the load is made up of carriages and engines. The position 
of the load in which the greatest direct stresses are produced on the 
girders is when the driving wheels of the locomotive are at the centre 
of the girders, and if the efEect of the weights on the other wheels be 
reduced to an equivalent central load, and then to an uniformly dis- 
tributed load, the weight per ft. run will be found to be about 1^ tons,* 
and the longer the bridge the less the greatest load per foot run will 
be found to be. 

The weight of the structure in short bridges may generally be 
obtained with sufficient accuracy fix)m the books of Engineering formuleB, 
(If. E, F. p. 12 and 13) and the girder may be designed from these data. 
It is always advisable, however, after designing the girder on these data 
to calculate the weight of the structure as proposed, for the purpose of 
comparison with the assumed weight, a second calculation for the girder 

* Mr. Unwin, in Iron Bridges and Roofs, page 45, recommends 2 tons to be taken as the rolling 
loads for spans of 26 ft: ; If tons for spans of 90 ft. ; li tons for spans of 40 ft ; and 1^ tons tor 
ap JDS of 60, for each line of way. 
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being made if any material difference is f onnd between the assumed 
and calculated weights. 

The depth of the girder is determined bj convenience, and is as great 
as the depth of such girders usually is. It diminishes to the ends for 
uniform strength against the direct stresses. 

Preliminaries, 

Let d = depth in inches = 22 inches. 

A = area of bottom flange in square inches. 

/v tons = working resistance per sq. inch in tension = 1*5 tons. 

A^ = area of top flange in square inches. 

f tons = working resistance per sq. in. in compression = 8*0 tons. 

Ag = area of web in square inches. 

2*83 tons = working resistance to shearing per square inch. 

e = half clear span in inches = 120 inches. 

w tons = weight on each inch in length of the girder. 

E lbs. = Modulus of Elasticity for cast iron = 16,000,000 lbs. 
As the Board of Trade regulations compel a double factor of safety 
for the moving load on cast iron bridges, it is multiplied by 2 to reduce 
it to dead load. 

feet tonB tonB tons 

1. Rolling load on the bridge = 20 x 1^ = 30 = 60 dead load. 
Weight of structure = 20 x '2 = 4 = 4 dead load. 

Total dead load = 64 tons. 

Total dead load on each girder = 32 tons. 

32 
Whence w = ,rT7^= '133 tons per inch run. 

240 ^ 

The Moment of Flexure is greatest at every section, when the girder 
is fully loaded, and at any section distant x from the centre of tlie 

girder is M = — >-— / (Stress in Beams, p. 7.) | (1) 

The Moment of Resistance =/,, x A x (i (2) =/, x Aj x i (3). 
Then, when equilibrium obtains, (1) and (2), as well as (1) and (3) 
are equal, and for the bottom flange 

Substituting in this equation the values t^, c, f^, and i, and making 
aj = 0, 

A = 29 square inches at the centre. 

Equating (1) and (3) and substituting in a simQar manner, Ai = 
6*44 square inches at the centre. 

2. The central section may now be determined. 

If the bottom flange be made 17 inches wide, which will give suffi- 
cient lateral stability, the thickness will be 1*7 inches, and if the top 
flange be made 4 inches wide, the thickness will be 1*36 inches, say 1*4 
inches. The thickness of the web at the centre of the girder may 
therefore be 1*7 inches at the bottom and 1*4 inches at the top. The 
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arriBses being ronnded oft and the angles filled np, tlie section given 
in Fig, 10 is obtained. 

Fig. 10. Fig, 11. 





m-A... 



This agrees with ordinary practice, bnt it would be better to reduce 
the thickness of the lower flange a little, increasing its width, and 
making the thickness of all the parts the same, as in Fig, 11, which 
gives a stronger section without increasing the quantity of metal. 

3. As the shearing stress is a maximum and the area of the web is 
a minimum at the piers, it is evidently only necessary to calculate the 
dimensions of the web at the pier. 

The maximum shearing stress at the pier = | total load = 16 tons. 

. The resistance of the iron to shearing = 2*33 tons per square inch, 

therefore A^ X 2*33 tons = 16 tons, whence A^ = 6*9 inches nearly. 

1'7 + 1*4 
The mean thickness of the web is ^ = 1*55 inches. 

6'9 
Whence the height of web = ytfe ^ ^'^ inches nearly, and the total 

depth of the beam at the pier = 7'6, (Fig, 12.) The depth at the pier 
is often made more than this in order to allow of the planking forming 
the platform to be put on without cutting. 

Fig. 12. 




• • 



k jf "M 

4s. The elevation of the upper side of the beani may now be drawn 
with sufficient accuracy, by setting up the total depth of the beam at 
the centre and at the piers, and describing an arc through these points, 
carrying the curve on to the end of the bearing (Fig, 13), and the 
plan will be as shewn in FKg, 14. 

5. Owing to the inaccuracy of the formula, the deflection of the 
girder cannot be accurately ascertained without, in the first instance, 
determining the value of the actual working resistance excited in the 
extreme fibre of the lower flange, when the girder is fully loaded. 
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Fiq. 13. 





HUj^aUQn tf MaJ/ Girder 



Fig, U, 




JHjon QfSalf Girder. 



The deflection, on the assamption that the value of the working 
resistance is no more than it was intended to be, viz. 1'5 tons per sq. 
inch, is given by the formula, (p. 37 Deflection of Beams,) ^ viz. : 

where n" = '5708,/, = 1*5 tons, c = 120 inches, y^ = 7*4 inches, 

whence V = '233 inch. 
It is shewn further on that it is rather more than this. 
To determine accurately the strength of this girder — 



Moment of Flexture at centre =: 



wc 



.2 



-- A T rkT* Zb 



(1) 

(2) 



Moment of Resistance = -^^ I or -^ I 

according as the extreme fibre on the compression or tension side of 
the section reaches its limit of resistance first. 

To determine this, find the Centre of Gravity of the section, and 
draw a horizontal line through it. This line is the neutral axis of the 
section. 

It is found to be 7'S6 inches from the lower edge of the section. 

Then, as the resistances of the fibres are as their distances from the 
neutral axis, the resistance of the extreme upper fibre is to the resist- 
ance of the extreme lower fibre as 146 : 7*4, nearly as 2 to 1 ; so that 
when the lower fibre has reached the limit of its resistance, i.e., 1*5 tons 
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per square inch, the npper fibre wiU only be exerting a resistance of 3 
tons per square inch, whereas it is capable of exerting a resistance of 
8 tons per square inch. 

Therefore the lower side is the weaker side of the section, and 
decides the strength of the beam. 

Then!^=Al 

w xl2(P _ 1-5 ^ J 

2 "7-4 

Finding I by Rule III., p. 154 Useful Bides and Tables^ 
-_ 1-5 X 8714 X 2 _ .^^ ^ ^^ 

120 X 120 X 7-4 ^ ^"» P« ^ 
a result which .shows that in this case the approximate method over- 
rates by 28 per cent, the true strength of the girder, or, in other words, 
that the working resistance, which the extreme fibre of the lower • 
flange is called upon to exert, is nearly 2 tons, instead of 1*5 tons per 
square inch, the deflection being increased similarly from '233 inches 
to '311 iuches. 

Probably, for all cases where cast iron is now used, the approximate 
formula is near enough, taking care to use a low working resistance 
in tension. 

Should, however, an Engineer think it worth wlule in any case to 
design Ids girder more accurately, ho will find it most convenient to 
calculate his cross section first by the rough method, and then to ascer- 
tain its real strength and deflection as above, adding to or deducting " 
from the different parts and re-calculating, recollecting that one of the 
first conditions for a sound casting is that there must be no sudden 
change of thickness of metal, and better no change at all. 

It is unnecessary to give an Example of a beam of uniform section, 
as in that case it is only necessary to design the section of greatest 
stress, and to see that the quantity of metal in the web is sufficient to 
resist the shearing stress at the piers. 

Cast iron beams are sometimes made of approximately uniform 
strength and uniform depth, in which case they assume the forms 
shewn in Figs. 15 to 17. 

The same principles hold good for them, as in Example I. 

Fig. 15. 





Fig. 16. 



f 
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Fig. 17. 
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EXAMPLE n. 

A cast iron cantilever is built into a wall at one end and uniformly 
loaded with a weight of 192 lbs. per foot ran, dead load. The length 
of the projecting part is 6 ft. The section is to be single T or doable 
T, as may be foand necessary, the npper (tension) flange is to be 
8 inches wide, so as to allow room for the loading, and the depth at the 
wall is to be 7 inches. 

Determine : 

1st, the longitndinal section for oniform strength, and the section at 
the wall, taking the working tensile resistance of cast iron at 1*5 tons, 
the working resistance to compression at 8 tons, the working resistance 
to shearing at 2*83 tons, per sqaare inch, the proportion of the apper 
and lower flanses inversely as the working resistance, and neglecting 
the strength of the web. 

2nd, If the web is large enoogh to resist the shearing stress. 

8rd, The deflection. 

BemarJcs, 

This is the case of an ordinary balcony beam. 

The load is considered dead, as it is supposed to be calcalated for the 
greatest nomber of people that coold come on the balcony, in which 
case they would come on by degrees, and would not move when on. 

It illustrates the case of single T beams, in which the thickness of 
the web is ^ of the width of the tension flange, a compression flange, 
being unnecessary. 

Preliminarien, 

Let d = depth in inches = 7 inches. 

A = area of tension (i.e. top) flange in square inches. 

/ijtons = working resistance per sq. inch in tension =1*5 tons. 

Aj = area of compression (i.e. bottom) flange in sq. inches. 

f^ = working resistance per sq. inch in compression =8 tons. 

Ag = area of web in square inches. 

2*38 tons = working resistance to shearing per square inch. 

c = length in inches = 72 inches. 

192 lbs 
w lbs. = weight on each inch in length of cantilever = — -^ — ' = 16 lbs. 

E lbs. = Modulus of Elasticity for cast iron = 16,000,000 lbs. 
(1) Then Moment of Flexure at any section distant x from the fixed 
end of the beam is 

— ^— ^ — ^ (Stress in Beams, p. 5) (1) 

Moment of Resistance, at any section, is 

/h X A X J (2) =./; X Aj X ci (3) 

When equilibrium obtains (1) and (2) as well as (1) and (3) are equal, 
and for the top flange 

'^~-''-^'=/bXAxcZ (4) 

which is the equation to a parabola, whose apex is at the end of the 
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beam, the origin of co-ordinates being at the wall end of the beam, and 
the ordinate at that point equal to the depth of the beam. 

Whence the underside of the longitudinal section of the beam should 
be a parabola. 

Substituting in (4) the actual value of the factors, the area of the 
upper flange at the wall, where the direct stress is a maximum, is 
obtained, thus, 

— 2 = 1*^ ^ 2240 X A X 7 

whence A = 1'76 square inches, 
and, as the breadth is given as 3 inches, the depth or thickness of this 
flange will be '6 inch nearly. 

This thickness determines that of the web. 

The area of the bottom flange will be to that of the top flange as 
1*5 : 8 = '33 square inches. 

It should not be less in breadth than \ of the breadth of the top 
flange, i.e., 6 inch wide, which is the width of the web, so that no 
compression flange is necessary. 

lbs. ft. lbs. 

(2) The shearing stress at the wall is 192 x 6 = 1152. 

The area of the web A, is 64" x *& = 3-84^ which is capable of 
exerting a. workmg resistance, per square inch, of 2*33 tons, so that 
there is no danger of shearing. 

(3) As in Example I., the deflection, owing to the inaccuracy of the 
f ormtila on which the cantilever has been designed, cannot be accurately 
ascertained without, in the first instance, determining the value of the 
actual working resistance excited in the extreme fibre of the upper flange. 

Fig. 18. 




i. 



i 



SeedLon al Wall 



The deflection, on the assumption that the value of the working 
resistance is no more than it was intended to be. viz., 1*5 tons per sq. 
inch, is given by the formula, (p. 37 Deflect io7i of Beams) viz., 

where n" = 1, /, = 1.5 tons, c = 72 inches, y^ = 2*7 inches, 

whence V = .4 inches. 
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The defleetion would be eomewhat more than this aotutAy, and it k 
too large for good coiistmcton. The proper deflection should mot 
exceed -^ iBoh s *3mch, (p.40),and the depth of the beam ahoidd be 
increased, the dimensions being re-calcnlated. 

It mn^ be borne in mind that if the top flange is to be drilled for 
bolt holes, their diameter must be dednoted firom md width of tiie flange 
in calcnlation. 

CASTING OF IRON GIEDBES, 4a 

As to the quality of cast iron snitable for Engineering works, t^e 
points to be attended to in designing and testing casting^ 4c., see 
Eankine's Ciffil Engineering^ p. 4^8 to 503, and p. 5§4^ 525. 

Where castings are large, and conseqnentlj too expulsive to test by 
actual breaking, it is nsnal to specify that bars shall be cast at the same 
time as the castings, and tested. The nsnal size of snch bars is either 
1" sqnare or 1* wide X 2" deep, the latter being less afEected by small 
fllaws than the former, and giving more trustworthy results. They 
are placed on a dear bearing of from 8' to 4/ 6", and broken by a 
cenbral weight. 

The test weight varies according to the opinion of the Engine^ ; 
Mr. Dempeey specified 26 cwt., which seems to be too high, a^ Mr. 
Barlow 1800 lbs. for a bearing of 4' 6'', as t^e weight which bars 
1' X 2", fiJionld bear without breaking. (See The Etigtneer^ 11th 
October, 1867.) According to Handyside and Go.'s Worlce in Irtm^ 

L8, a test bar, 3' between liearings, 1" x 2", should take, as a 
aking weight, from 25 cwt. to 30 cwt., the tougher irons standing 
the greater test. 

It is well to insert in the specification the proyision that the bearing 
of the central load shall not exceed 1 inch in length of the bar. 
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EOLLED WROUGHT IRON BEAMS. 



Boiled wrought iron beams of considerable size and strength are 
much nsed in various constructions, such as joists for fireproof floors, 
or short bridges, bressnmmers, &c. 

They are, of conrse, of nniform section throughout. The sections 
in ordinary use for joists or bressnmmers, where the beam is loaded 
transversely only, have the flanges symmetrical; and it is proposed in 
this paper to d^ with sncli beams only. Boiled beams which are 
under tlimst, as well as transversely loaded, such as the principal 
rafters in some roofs, are dealt with in the paper on Boofis. 

The sheets of sections published by all iron merchants and manu- 
facturers give the dimensions of these beams, and the simplest plan is 
to select from these sheets a section apparently suitable for the in- 
tended purpose, and enquire whether it actually is suitable. 

In selecting a section, it would be advisable, on purely theoretical 
considerations, to choose, 1st., a section witii broad flanges, a broad 
flange beiug capable of exerting a greater resistance to bending side- 
ways under compression tlian a narrow one; 2nd, a section with a 
thin web, a beam of sucli section (provided the web is strong enough 
to resist the shearing stress) being both stronger and stifEer, weight 
for weight, than a beam with an unnecessarily thick web. 

But owing to. the mode of manu£Eicture of these beams it is advisable 
not to have the flanges broad, if they are at the same time much 
thinner at the edges tinan the rest of the beam, and it may be said that 
the form of section likely to give the best results is that in which there 
is little variation in the thickness of the metal. 

The principles on which these beams are dealt with are identical 
with those already given for Timber and Cast Iron Beams. 

EXAMPLE I. 

It is proposed to use rolled wrought iron beams, of the section shewn 
in Fig, 1. to carry a Den!hett*s floor. The beams are to be built into 
the walls at each end, and may be considered as '* fixed." The clear 
bearing is 16 feet. The working resistances of the iron may be taken 
as follows : 

Tension 6 tons ^ 

Compression 5 „ > per square inch. 
Shearing 5 „ ) 
Determine. 

Ist. The working load, uniformly distributed. 
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2ad. If the web is strong enough to resist the shearing stress. 
3rd. The deflection. 

Fig. 1. 




liemarJcs, 

This is the case of beams carrying an arched floor, similar to that 
in the billiard rooms at Brompton Barracks. In that floor the beams 
have eqnaJf flanges, and are " fixed " at the ends. 

The working resistances are taken higher than in bridge work, be- 
cause the load to be borne is considered as dead, it being, as usual, in 
floors, calculated for a number of persons so packed that they could not 
come on suddenly, or move, when on. 

Preliminaries. 

Let «• tons = weight per inch run of length of beam. 

„ d inches = depth of beam = 11*8 inches. 

„ c inches = half the length of beam = 96 inches. 

,, I = Moment of Inertia of the section about a horizontal axis 
passing through the centre of gravity of the section. 

„ f^ tons = working resistance per square inch of wrought iron in 
compression = 5 tons. 

„ y^ inches = distance from the neutral axis to the extreme fibre on 
the compression side of the section, at the section of greatest stress = 

in this case, 

„ E lbs. = the Modulus of Elasticity {JJ.U.T., p. 195) = 
29,000,000 lbs. 

Then {Fixed Beams, p. 56) the sections of greatest stress are at 
the points of fixing and the Moment of Flexure at each of those 

sections = = -- ' (1) 



EXik3iPLE. BEAM CARRYING AN ARCHED FLOOR. 



79 



The Moment of Besistance at any section of a beam (Stress in Beams, 
p. 17) =41 

where f^ is the working resistance per unit of section of the metal oi^ 
that side of the section, which reaches its elastic limit first, and y^ is the 
distance from the nentral axis to the extreme fibre on that side. 
. In this case, as the nentral axis passes throngh the centre of the 
section, the extreme fibres are always exerting eqnal resistances ; and 
those on the compression side of the section reach their elastic limit 
first, and determine the strength of the section. 

(2) 



The Moment of Resistance therefore becomes 






Then when eqnilibrinm obtains (1) and (2) are equal and 



wc^ 



-41 

y. 



(3) 



To find the valne of I, draw the section of the beam on a large scale, 
and describe rectangles about the flanges, so that the areas of the rect- 
angles are equal to the area of the flanges. The more numerous these 
rectangles are, the more accurate will be the result, but in this case 

three are sufficient. „. ^ 

Fig, 2. 



m'-#-9 ■« 



r 



i 



^ t ^ 



M-*- 1 



n:.; 



,».. 



ThenI = t^J^a» + A;([»»-a») +i(c»-6») 4.m((P-c8)| =276. 
Substituting the numerical values in (3) 

tonB. 

wx 96« _ ^x_276 

3 6-9 

whence w =: '076 tons per inch run of length of beam, and the total 

load uniformly distributed = 16 x 12 X '076 = 14-69 tons. 

NoTB.— This method of caloalation takei into conaideratioD the resistanoe of the Tf eb to the 
direct Atreenee, 
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(2) Tlie shearing stress is a TnaxiTnuni at the points of support 
(Stress in Beams ^ p. 20) where it is one half of the total load. 

If then the web is strong enough at these points, it is more than 

strong enough at any other. 

14*59 
Shearing stress at the points of support = — ^r— tons = 7*29 tons. 

The sectional area of the web proper, i.e., ga {Fig, 2) = "S" x 9*4'' 
= 4*7 square inches. 

The working resistance to shearing per square inch is given at 5 tons. 
Therefore the total resistance of the web to shearing is 4*7 X 5 = 23*5 
tons which is about three times as strong as is necessary. 

(3) The deflection of a beam of uniform section, uniformly loaded, 
and " fixed " at both ends is given by formula {Fixed Beams, p. 56), 
viz. 

Deflection = V = -r^ 



EI 48 



and substituting the values already known 

14*59 X 2240 x 96» 



V = 



29,000,000 X 276 X 48 



= '075 inches. 



To find the value of I, where the section is not symmetrical above 
and below the neutral axis, as in a foot-rail {BKg. 3), draw the section 
on a large scale, and describe rectangles as already directed. Find the 
centre of gravity of the section thus transformed, and draw a horizontal 
line, 00, through it {Fig. 4). 

Then I = ^Ua8-|-;fc(68-a8) + Kc^ - ^^) -f m (cP - (jS) + ne^ + 
Fig. 3. Fig. 4. 
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TENSION AND COMPRESSION BARS. 



The beams of timber, cast iron, and rolled wrongbt iron considered 
in previous papers have been each one single piece, and of small 
dimensions. 

Beams of large dimensions, and trusses, are often made up of timber, 
wrought and cast iron, each being used in the position most suitable for 
it ; or, less frequently, of cast and wrought iron only, the use of these 
two materials together being objected to by some on account of their 
unequal expansion and contraction, (H.I.B., p. 85,) and by others 
{U.U.E.f p. 560; UJ.B.li., p. 70) on account of the greater pliability 
and brittleness of cast iron, and the rapid diminution of its resistance 
to crushing as the proportion of length to diameter increases ; or, most 
generally, of a number of pieces of wrought iron, the connections in each 
case consisting of bolts, rivets, straps, or other contrivances. 

The pieces composing the beam or truss are some in tension, some in 
compression, some, with a moving load, alternately in tension and com- 
pression, and it is necessary for scientific construction that all these 
pieces, as well as the connecting pieces, shall, as far as the practical 
conditions of the work allows, be equally strong to resist the maxima 
stresses tliat come upon them at any time. 

In designing such a beam or truss the stresses of each kind on 
each piece are first ascertained, an approximate weight (M,E,h\; 
U.LB.R,) determined by previous examples is assumed for the whole 
structure, the dimensions are then calculated, and the weight of the 
structure more accurately ascertained, a second calculation being made, 
if the difierence between the assumed and actual weight of the structure 
is found to be considerable. 

The method of determining the stresses in braced structures will be 
given in future papers, and it is proposed in this paper to assume that 
the stresses are known, and to show how to proportion the material to 
meet them. 

TENSION BARS. 

A tension bar being simply exposed to a stress of tension in the 
direction of its length has no tendency to break except by direct 
tearing. 

Its strength is, therefore, simply its effective section multiplied by 
the working resistance per unit of section. 
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This effective section is the thickness of the bar mnltiplied by the 
length of the line along which fractnre tends first to take place. 

This line is called by Latham (L.W.LB., p. 16) the line of fractnre, 
and he defines it as a '* line drawn through the plate or bar (on its 
surface) crossing all the lines of strain in snch a way that the section 
of the plate along it is a minimnm. 

'' It is found by experiments on ordinary fibrous plate that the plate 
is more likely to break in such a line, even though it be irregular and 
zigzag, than in any other.*' 

In Fig. 1 if a + d-feis leiss than a + h+c-^e, a + d + e ¥ull 
be the line of fracture which measures the strength of the plate or bar, 
but ifa-|-6-|-c4-ebe the shorter of the two, it will be the line of 
fracture. 

Fig. I. 



^ 






£ 



In computing the working strength of a tension bar of any material, 
it is therefore only necessary to determine the line of fracture, multiply 
it by the thickness of the bar and by the working resistance |^r unit. 

The connection of tension bars or plates with each other, or with 
other parts of a structure, belongs to the subject of joints, and is 
explained further on. (Joints and Fastenings.) 

EXAMPLE I. 

The bracing of the cross girders of the Charing Cross Bridge as 
designed (H.f.B., PI. 63), consists of channel iron, 3j" x 1^'' x |", 
(^Fig. 2) connected with the flanges by rivets at each end, arranged 
as shown in Fig. 3, and they are also rivetted together at their inter- 
sections as shewn. 

Fig. 2. Fig. 3. 



Ji' 








Determine the working streugth of the braces in tension, taking the 
working resistance of wrought iron in tension at 5 tons per square inch. 

The line of fractnre in this case is straight through any one rivet 
hole, i.e., 8|" - f = 21 inches. 



COMPRESSION BARS. 83 

The effective section of the brace is therefore (2^ -h V) | = l-J^ 
square inches, and the working strength is ■f^'' x 5 tons = 8 tons 
nearly. 

COMPRESSION BARS. 

The subject of compression bars is fully gone into in Bankines 
Applied MechanicSy p. 360 to 366 ; Havlcme^s Ciml Engineering, p. 232 
to 239, and p. 520 to 524 ; and some further information is given in 
p. 49, Unwius Iron Bridges and Rcofs. 

It is not therefore proposed to do more in this paper than to state 
generally the principles on which the results are arrived at, and to 
illastrate the same by examples. 

A compression bar tends to fail in one of two ways, according as the 
ratio which its length bears to its smallest transverse dimension exceeds 
or does not exceed a certain limit. 

Approximately, so long as the length of a compression bar, pillar, or 
strut of cast iron does not exceed five times its least dimension, it tends 
to fail by direct crushing ; while if its length exceeds this proportion, 
it tends to fail by bending sideways and cross breaking. 

In wrought iron, the proportion of length to least dimension, up to 
which failure tends to take place by direct crushing, is approximately 
10, while in dry timber it is approximately 20. 

It is possible that steel of average hardness would occupy an inter- 
mediate place between cast and wrought iron, but there is at present 
no definite information on the subject. 

Kon,— Much simpler formolflB for long compression bars are given in Bealeaox's Der 
Constmcteor. (Ed. .- 1869, p. 48). Bealeaoz also makes the ratio of length to least transrerse 
dimension at woich failure oy bending begins to tend to occur, varv with the rcanner in which 
the ends are secured, which is manifestly correct. As, however, the formulae given further ou 
have been found to give safe rraults, and as Reuleaux's formulsB with the same factor of safety 
gives smaller dimensions to meet a given thrust, it has been considered advisable to adhere to 
the formnlaD in general use in this country. 

SHORT COMPRESSION BARS. 

To find the working resistance of a short compression bar, the length 
of which does not bear to its least dimension a greater ratio than above 
mentioned, it is only necessary to multiply the effective sectional area 
by the working resistance per unit. 

The effective sectional area in the case of a post with a tenon let into 
a stone, iron, or hard wood sill, is the sectional area of the post minus 
the sectional area of the tenon. 

In compression bars drilled or punched for bolts or rivets the effec- 
tive sectional area is the whole sectional area of the bar, no deduction 
being made for rivet or bolt holes, which, in good work are completely 
filled up by the bolts or rivets. 

EXAMPLE II. 

A dry fir (red pine) post, square in section, and 8 feet long, has to 
carry a weight of 10 tons. 

Its head ia tenoned into a bressummer, and is prevented cutting into 
the timber of the bressummer by a wrought iron bearing plate, as 
shown in Fig. 4. 
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Its foot is fitted with an iron spud, the projecting part or tenon of 
which is mortised into a stone siU. 

Determine its diinensions, the tenon being taken at 4" X 1|*, and 
the working resistance of the timber in compression being obtained 
firom the Tables {U.RT., p. 198). 

BemarkB. 

This is the ordinary case of a timber story post. The object of the 
tenons at the head and foot of the post is to prevent lateral motion and 
to afiEord the means of connecting the work together. 

The tenons are cnt shorter than the mortises, 'so as to ensure the 
bearing coming on the shoulders of the post, and do not therefore sus- 
tain any thrust. 

The object of the bearing plate is to spread the pressure over a larger 
surface, and to prevent the post sinking into the bressummer, which 
would cause a loose joint. 

Without this precaution, the safe pressure on the shoulders of the 
post could not exceed 1000 lbs. on the square inch. (H.T.C., p. 103.) 

If the bressummer were of oak, the safe pressure might be increased 
to 1400 lbs. on the square inch. (if.'i'.C, p. 104.) 

Prelim inaries. 
Let X inches = side of post. 

I „ = length = 96 inches. 

/ lbs. = ultimate resistance to crushing per square inch of dry 
fir (red pine), (U.B.T., p. 198,) = 6000 lbs. 
5 = factor of safety. (UM.T., p. 205.) 
W lbs. = total weight to be borne = 10 x 2240 lbs. 
On the supposition that the length will not exceed the side more 
than 20 times, the post will not bend. 

Then the area of the section under compression = a;* — 4 x 1| = 

flj* — • 6, and the total working resistance = (aj* — 6) — -— 

5 

When equilibrium obtains 

(x^ - 6)1200 = 10 X 2240 

2 ^ 10 X 2240 224 ,q^,, 

a;* — 6 = — = — = 18'66 

1200 12 

a^ = 24-66 
aj = 5 inches. 
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THis proportion is jnst within tlie ratio given, as safe against bend- 
ing. 

If the post were 10 feet long the dimensions would be calculated in 
the way shown in Example Y., as a post 10 feet long and 5 inches 
Bqnare would be liable to bend under the weight. 

If it were not considered desirable to put in a bearing plate, the safe 
compression on the shoulders with a fir bressummer would be 1000 lbs. 
per inch, and x would then be 5*3 inches. 

LONG COMPRESSION BARS, PILLARS OR STRUTS. 

When the length of a compression bar exceeds, approximately, the 
proportion already stated, it tends to fail by bending sideways and 
breaking across, and not by direct crushing. 

The theory on this subject is by no means complete, and experimental 
data are much wanted, but the formulas which have been arrived at, 
although approximate only, give results which experience shows the 
Engineer can depend upon, without apparently incurring any very 
serious waste of material. 

The general principles on which the formulae, originated by Professor 
Gordon, and given by Professor Rankine, are based, may be stated as 
follows : 

When a pressure is applied to a long bar in the direction of its length 
the centre of pressure being at the centre of figure of the transverse 
section, the first effect is to compress the fibres uniformly all over its 
transverse section. 

This gives a pressure per unit of sectional area (intensity of stress) 

_ Total pressure _ P 

Total sectional area S 

But, if the pressure be suflScient, a long bar bends in the direction of its 
smallest transverse dimension, by which bending the pressure becomes 
unequally distributed over the transverse section, a further com- 
pression of the fibres on the concave side taking place, while the fibres 
of the convex side are relieved to an equivalent extent. 

In page 360, Hankine^s Applied Mechanics, it is shewn that the 
additional stress due to bending is to the stress due to the direct pres- 
sure in a ratio, which increases as the square of the proportion, in which 
the length of the pillar exceeds the least diameter, and the whole 
intensity of the stress on the concave side, i,e., where it is greatest, 
becomes 

P . P ^ P 

— + — a — 

S ^ S h^ 

a being a constant coefficient, deduced from experiment, for different 
materials, and h being the least transverse dimension, or least dimension 
of a triangle or rectangle circumscribing the section of the bar, i.e., 

where /is the ultimate resistance to crushing of a short column of the 
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material, and a is a constant deduced from Mr. Hodgldnson's experi^ 
ments on the actual breaking of long pillars, fixed at the ends. 

The valnes for/and a for pillars fixed at both ends are as follows 
(E.OJB., p. 237.) 

Wrought iron (rectangular stmts) 
Cast iron (cylindrical stmts) 
Timber (rectangular pillars) 
and for a jnllar roimded or jointed at both ends 

/=|(l4-4a5) 

Where wrought iron of the form of angle iron, channel iron, T iron, 
double T or "f- iron is used, (Fig, 5) the value of h may be talken as 
the least dimension of a triimgle or rectangle circumscribed about the 
bar; thus 

Fig. 5. 



/lbs. per inch. 
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and where a stmt is made up of irons stiffened by bracing as in the 
case of the Charing Cross bridge, Example IV, n may hb taken as 
the diameter of the compound strut in that direction in which it is 
most flexible. 

Where cast iron of the forms 

is used for struts, fixed at both ends, Professor Bankine (R.C.E., 
p. 520) gives the value for a as -j^, -j^, and -j^ respectively, each 
being multiplied by 4 when the strut is hinged at both ends. 

In page 522, GivU Engineering, he modifies the formula as above 
given for rectangular wrought iron bars, by taking into account the least 
radius of gyration r of the cross section measured from a neutral axis 
traversing its centre of gravity in that direction which makes r least. 
And in Useful Rules and Tables, p. 210, he makes this same formula 
applicable to struts of wrought iron, cast iron, and timber, adding a rule 
(XXrV) for a strut fixed at one end and jointed at the other, the 
strength of which Hodgkinson fonnd to be an arithmetical mean 
between the strength of two pillars of the same length and diameter, 
one fixed at both ends, and the other rounded at both ends. 

All these formulae being approximate only, it has been considered 
best in this paper to work the Examples by the methods which have 
been hitherto in most general use ; 1st, because they have been found 
to give safe results, and 2nd, because they are in many cases simpler 
and easier to work. 
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The factor of safety should be such as to reduce the value of the 
ultimate strength of the material to the working resistance per unit in 
compression of other parts of the same structure. 

EXAMPLE III. 

Determine the working strength of the braces in compression at the 
centre of the cross girders of the Charing Cross Bridge as designed 
{H.I.B.y Pf. 63), Example I, the working resistance per square inch 
in compression being taken at 4 tons. 

Remarks, 

The rivetting together of the braces at their intersection stiffens the 
compression braces against bending in the direction of the length of 
the girder, and adds somewhat to the stiffness in the direction trans- 
verse to the girder. It is, however, impossible to say how much it 
adds to the stiffness, and as it cannot be much, it is thought better to 
leave it out of consideration. 

If bending were to take place in the first direction, the compression 
braces would assume one of the forms shown to an exaggerated scale 
in Fig. 6. 

Fig, 6. 




and in calculating the resistance of the brace against bending in this 
direction, I may be taken as the central distance between the rivets 
A and B ; and h as the width of the channel iron ; viz. : 3^ inches. 

The part of the brace between A and B is fixed at one end and 
lunged at the other, but if there were two rivets at the centre it would 
be fixed at both ends. 

In calculating the resistance of the brace against bending transversely 
to the girder, I must be taken as the central distance between the rivets 
A and C, and h as the depth of the channel iron ; viz. : 1^ inches. 

Prdiminariea, 

Let P tons = total working resistance of brace. 
„ S square inches = sectional area of brace = 1*875 square inches, 

rivet holes not being deducted in compression braces. 
„ I inches = length = 24 inches in first case and 48 inches in 

second case. 
„ h inches = dimension in direction in which bending will take 

place = 3J inches in first case, and 1^ inches in second case. 
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Lei A^ ^ — rrr = Working reBistanoe of iron per square inch 

in oompreBsion = 4 tons. 
a = fiAnr* ^ ^® brace is fixed at both ends. 
A = TiAoTi ^ ^^ brace is hinged at both ends. 

CcMsl.— -Bending in direction of the length of the girder. 

The ratio of { to ^ in this case is onlj a little more than 7 to 1, and 

ibere is no tendencr to beud in this direction. 

Had this ratio been greater than 10 to 1, it wonld have been 

neoessary to calcolato the brace both as a pillar fixed at both ends, and 

as a pillar hinged at both ends, the safe load being given by the mean 

of tmetwo. 



(km 2.— Bending transyerselj to the girder. 
P ^ . •, . _ I* 



48»\ 



= j^ = 27tonBnearly 

and P = 5*06 tons. 

The strength of the tenuon brace is therefore greater than the ooirea- 
ponding compression brace, but this is often nnaToidable» particolarlj 
m smail ffirders, where it is not possible to rednce the bars to the 
iheoreiioM dimensions, or where nnifbrmi^ of constnictian is of more 
impoiianoe than the aaraig of a small qnantity of meiaL 

EXAMPLE lY. 

The end compression bars of the main girders of the Charing Cross 
bridge are of the form and dimensions shown in Fig. ?. 

Fig. 7. 
> - is' n" - - i 
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TWt are fiisiened io the Kx>ms br Immed K>lls;^ bat ther ar^ iwt 
feis«ei&ed iu« the teRsioci Iwurs at their inte^rseecioQ with them. 

IVtersotiifee the working resft$taBee per sqitaur^ inch of whteh thej aur^ 
eapttble. aad thetr tolal rv«b<ashee. the wv>rkin^ retsiss^uaLve o£ irv?a in 
cvispiretsacfix per :5«|Q;ure iz&ch betngr taken at 4 loos^ 

Tlaeise bars^ e«»fiB64 d r«« ir\m bars^ each If" x ;^. kept K>gether br 
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screw bolts A, A, passing tlirongh distance pieces B, B, and stiffened 
by bracing C, C. 

The duty of all the parts, except the two bars themselves, is merely 
to stiffen the two bars, and it is their section only which resists the 
compression. 

The value of h in direction of the length of the girder is therefore 12 
inches, while transversely to the girder it is 30 inches. 

The length from centre to centre of bolts being 15' 11", the ratio of 
Z to A in the second case is 6'4i to 1, and there is no danger of bending 
transversely. 

It is possible also for compression bars of this kind to buckle 
between the points A, A, if these are too far apart, and it is necessary 
to inquire into this. 

In the first case, the ratio of Z to A is 16 to 1 nearly. 
Preliminaries. 

Let P tons = total safe compression on the bar. 
„ S square inches = sectional area = 72 inches. 
„ I inches = length of bar from centre to centre of bolt holes = 

191 inches. 
„ h inches =: breadth of bar in direction in which bending tends 

to take place = 12 inches. 

^ =: working resistance of iron in compression = 



factor of safety 
4 tons per square inch. 

4 
»i ^ ~S000' *^® ^™ being hinged at the ends. 

Then for bending in the plane of the girder, 

|=/^(l + «|)=4-^(l+„V(\'2')') 

= 3 tons nearly = working resistance per square inch, 
and P = 216 tons. 
And for bending between A and A. 

The distance between the points A, A, is 47", and the ratio of Z to ^ 
is 16 to 1 nearly, but these parts are fixed at the ends ; 

= ^ = 3-53 tons. 

f.e., the bar is less liable to buckle between A and A, than as a whole 
in the plane of the girder, and consequently the points A A are not 
too near together. 

EXAMPLE V. 

The strut of a queenpost roof is of dry fir, and is 3^^ wide. Its 
length in the clear is 7 feet. 



90 



BXAMPLI. TIMBBB BOOF SiBUT. 



Fig. 8. 




Deiermine lis depth, so ^hai it may resist without bending a oom- 
pression of 6000 lbs. 

As the length of the strut is 7 f eet^ and ito breadth 8 inohes, the 
ratb of I to ik is 28 to l^and the etnit would tend to bend in a direction 
transrerse to the plane of the trass, of which it forms a part. 

The strength oi the strot is measnred by the greatest compression on 
any fibre, and the fibre on which the compression is greatest is on the 
concave side at the centre of the lei^th. of the strut. The strut wonld 
not tiierebre fail at the ends, and no dednctbn need be made for 
tenons. 

The timber in all these oases is snpposed to be seasoned enongh for 
nse in carpenters work, green timber being &r weaker in compression 
than seasoned timber. Note^ p. 198, TJ.BJ^.^ 

Prdiminariea. 

Let P lbs. = total compression =: 5000 lbs. 
d inches = depth of stmt. 
5 „ = breadth of stmt = 3 inches. 
2 „ = length = 84 inches. 
S sq. inches = area of stmt = Sd sqnare inches, 
fibs 
»» factor of safety = ^^'^^^ resistance of dry timber in com- 

7200 
pression per sqnare inch = —7— = 1440 lbs. (p. 86.) 

,y a = -gizf the stmt being considered as fixed at the ends. 
Then E = / ^ (1 + a|) 



99 
99 
99 
99 



S 

^ = 1440 



(1 + Tir (28)») = ^ = 849 lbs. 



• The term "drv" timber Ib here evidently applied to timber which is suffidently "aeasoned" 
for common ofie, ».«., whenit has lost \ of the weight it had at the time of felling (H,T.C., 
j>. 343), which requires not less than two years air seasoning. The term *'dry" is applied to 
timber which has lost | of its weight, ancf ia fit for the joiners porpoees. (£.7.C., p. MA.) This 
takes foor years air seasoning firom the time of felUng. 
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Whence S = 



849 



^ == 7i :rr7(.=^ S inches neaarly. 

8 X 349 ^ 

Tredgold gives 5x8 for the strut of a qneenpost roof of 45 feet 
span ; which would correspond nearly with the stmt in this example. 

Supposing the tenons at the ends of the stmt to be 4" X 1^ , the 
bearing area of the shoulders is 15'' -r 6" = 9", and the pressure on 
them per square inch is 555 Ibe., which is quite safe. 

EXAMPLE VL 

Determine the external diameter of a oast iron hollow oolunm, 10 
feet high, to carry a dead weight of 10 tons, the ends to be flat and 
firmly fixed (Fig, 9), and the weight borne over the centre of the 
column, the thickness of metal to be -^ of the external diameter. 

Bemarhs, 

This is the case of an ordinary column under a bressummer. 

The column may bend in any direction, so that h equals the diameter. 

I^eUminariea. 

Let d inches = external diameter = h, 
„ I inches = length = 120 inches. 
„ P lbs. = total compression = 10 X 2240 Ibe. 

„ Ssq.incheB = J((P-tf^) =f ^ H^ 

,« /lbs. = ultimate resistance of cast iron to crushing per sq. inch. 

= 80000 lbs. ( U. B.T., p. 211.) 
„ 4 = factor of safety, which gives 20000 lbs. as the working 

resistance per sq. inch. 
^ a = -f^ for cast iron columns fixed at both ends. 

Then| = 20000 4- (l + ^ ^) 
22400 _ 2000 X 400(P 

whence (2 = 4 inches nearly. 

Fig. 9. 
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AND FASTENINGS. 



The prindples whicli should guide the design and eaceeaiion of all 



kinds of ioints and fiurtienings in carpentry aie stated bj Frolesaor 
Bankine, {E.0.E.^ p. 454,) as follows : 

I. To cut the joints and arrange the fietftenings so as to weaJken ilie 
pieces of timber that they connect as Httle as possible. 

n. To place each abutting surface in a joint as nearly as possible 
perpendicnlar to the pressure which it has to transmit. 

III. Tp proportion the area of each snrfaoe to the pres so re 
which it has to bear, so that tiie timber may be safe against injury 
under the heaviest load which occurs in practice ; and to form and m 
every pair of such surfaces aocuratdy, in order to distribute the stress 
uniform^. 

ly. To TOoportion the fiistenings, so that they may be of equal 
strength with the pieces which they connect. 

y. To place the fiurtenings in each piece of timber, so that there'shall 
be sufficient resistance to the giving way of the joint by the fastenings 
shearing or crushing their way through the timber. 

The same principles apply in every respect to joints in iron work, 
and to both may be added, 

YI. To arrange the joints and fastenings in such a way that the 
stress in each piece shidl be distributed as nearly as possible over its 
cross section (p. 102, ei seq,) 

It will probably best suit the purpose of these papers to work a few 
typical examples, referring to the following authors for the information 
on which they aie worked: 

JlursVa Tredgold^s Carpentry, p. 297, ei seq, 
BonJcine\ Oivil Engineering, p. 454, et, seq, 
Latham* 8 Wrotighi Iron Bridges, p. 15, et. seq. 
Humberts Iron Bridg'S, p. 148, et. seq. 
Unwinds Iron Bridges and Roojfs. 

EXAMPLE I. 

The principal rafter and tie of a king-post roof are of red pine (Scotch 
fir), and are connected together, as shewn in Fiij. 1. 

The principal is 4" X 4", the tie beam is 10" X 4", the abntment a h 
of the rafter is 2" deep, the tenon occupies ^ of the width of the joint 
and does not bear on the mortise. 

The principal is 6 feet long between the points of support, and being 
only 16 times as long as its smallest dimension, wiU not tend to fail by 
bending. 
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Determine. 

1st. What thmst the principal is competent to bear with safety, 
following the rule given in Hurst's Tredgold's Carpentry , p. 103, that 
the transverse pressure on yellow fir should not be greater than 
1000 lbs. per square inch. The pressure in this case is not directly 
transvere to the beam, and the limit might be taken somewhat higher. 

2nd. The length of the part hcy so that, supposing no iron straps to 
be used, there may be no danger of the part of the tie above b c being 
shorn off by the horizontal component of the thrust. 

8rd. The minimum dimensions of an iron strap of the form and in 
the position shewn in Figs, 2 and 3, supposing that be, (Fig, 1) 
cannot be made long enough to resist the horizontal component of the 
thrust. 

Fig, 2, 




Bearvnj'plouU 



Fig, 3. 




Bemarl's, 

This is a common form for the joint connecting a principal rafter and 
tie beam. 
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Thaa00flmiTilnB|tfiof Hie joint k dc immiii e d by liie aA flrol 
doim tii0 pjae^alfwliicii v the bearing floxCMe (^ 
on iii0 tie^ nuMiirrf. perpmilicnbgi^ to flia liiwl» nmliipiiwl bjtiie 
ii^ eoniprfiion per wqaan indi. 

lUbune in n joint of iUe form may tend to oeeor. 

Ijt Bjrtbe erndiing of tbe fibres of tbetie mder Hw liiraal^ Irr 
wUdinlooM jobd^anddenn^genientof Ibepnrtoof thetoo^ 

2nd. By tbedifliringofiiiefibieBoftiietiealai«fe,(Jl^.l). 

AnL Bytbeeln9tMrinffacro0Bfttdd;(#V«8). 

4^ By tbe bottom of lAesbapenttinff into Aotieai/or the top 
entlfaig into tbe prinomel at % caaeinp^ n uoee jcrint^ (Fig. 2). 

Ml Bytbeeereirof IlieetnipteanngacRMBiimy (fb.B). 

Ml By tha ierew of the etnp shearing sfeng U, U, (Fig. 8). 

Let Tibs. « totsl ssia thmst down the uriu c if isL 
„ Asqpsfeincbaiasbearingsiiz&oeoxprini^psliafterontiebesin. 
^ tfinohesslengtliof part 6 a. 
I, 1000 lbs. s saw ilinist per sqnsre inch of besring snrCsoe. 

(H/r.0.f p. 108.) 
ff 600 lbs. snltiniato resistanoe to shearing per square inok of 

ftTonigefir. (17J2.T^ p. 197.) . 
99 i^ fiictor of safety. (u.B.T., p. 205.) 

(1.) The bearing sturface A at right angles to the direction of the 
thrust =4/' x4r '-2r H X 4") = 16 - 16 = 14-4 square inches. 

■q inches. lbs, lbs. 

Then the total safe thmst, T = 144 x 1000 = 14400. 

(2.) Resolve this horizontally and vertically, see Fig. 1, where 
pq ss 14,400, qr = horizontal component of the thmst, which is the 
force tending to produce shearing along 5 c = 13,000 lbs. (1) 

The area of tne sur&ce resisting shearing =4X0, and the total 
resistance to shearing ss 4 x a; x ^^ (2) 

When eauilibrium obtains (1) and (2) are eqnal, and 13,000 
ss 4 X X 120. 

= 271 inches. 

It is seldom t>OBsible to eive the end of a fir tie-beam sufficient lengili 
to resist shearmg by itself, and an iron fastening of some kind is 
resorted to. 

The most common form is shown in the figure, and the more nearly 
it approaches the horizontal direction, the more directly it resists the 
shearing force, and the smaller it may be made. 

(S.) The tension on the strap is ascertained, as follows: Set down 
it (Fig, 1.) on any scale to represent the thrust T = 14,400 lbs., and 
resolve it vertically and parallel to the direction of the strap; then iv 
represents on the same scale the tension on the strap = 17,000 lbs. = 
7' 6 tons. (3) 
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Let the strap be of f -inch iron, and let its breadth be h ; also let the 
working resistance of bar iron in tension be taken at 6 tons per square 
inch. 

Then as the strap has two sections resisting tension, viz., d, d (Fig. 3), 
the total area resisting tension = 2 X & X f , and the total resistance 
= 2x6xfx6 tons. (4) 

As (3) and (4) are equal, when eqnilibrinm obtains, 

7-6 = 2x6xfx6 
6 = 1*7, say If inches. 

(4.) The pressure of the strap on the ander side of the tie is eqnal to 
the tension on the strap = 17,000 lbs., and the surface over which it is 
distributed is 4" X If = 7 square inches. 

The transverse pressure of the iron on the fir should not exceed 
1000 lbs. x)er square inch. 

It therefore becomes necessary to employ some means of distributing 
the pressure of the strap on the tie over a large sur&ce, which may be 
done by inserting a plate of iron having a surface of 17 square inches 
between the strap and the tie (Fig. 2), and a similar plate between the 
strap and the prmcipal (Fig, 2). 

(5.) The tension on each of the screws is equal to half the total 
tension on the strap, and the sectional area of each screw, clear of the 
threads, must therefore be equal to the sectional area of the strap, i.6. 
if (2 = diameter of screw, clear of threads, 

c2 = '9 inch. 

If the screws be Whitworth's, cut on 1|^ inch round iron (Af.Er.F., 
p. 79, 80,) they will have sufficient area, and their clear diameter will 
be 1-25 - 2 (+) = -96 inch. 

(6.) The shearing force, tending to strip each screw, is equal to the 
tension on each screw, i.e., half the whole tension on the strap. 

A screw may be subjected to a stress of 2 tons* (H.LB., p. 151) 
per square inch of ite shearing surface, i.e., its circumference at the 
bottom of the thread multiplied by the length of nut. 

If 2 be this length, the shearing surface = *96 X 3*1416 X I and the 
resistance to shearing = *96 X 3' 141 6 Z X 2 tons. (5) 

Hence 96 x 81416 x Zx 2 = ^ 

or I = -58. 

The table (M,E.F,, p. 79,) gives 1^" as the proper depth for the 
nut of a 1}" bolt. 

The dimensions of the straps in this Example are larger than are 
ordinarily used in practice, but where smaller straps are used, the 

* This, from experimentfl made for the War Office, appears to be too f^reat an intansity of stress. 
The ultimate shearing resistance in bolts of 3',^ diameter, with 6 semi-circular threads to the inch, 
was found to be 6 tons per sq. inch ; while, in bolts of 2'/ diameter with 10 semi-drtmlar threads 
to the inch, it was found to be only 4 tons per square inch. For structures for moving loads 
a woridng resistance of about 1 ton per square inch might perhaps be taken and for ttruotares 
for dead loads, a woridDg resiataiioe of about 1,6 toca per sqaare inob. 
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iitteaasitj of ^bie Btress mnat^ at tunes, be grealcr than 6 tons for temdofn 
§* and 2 tons for shearing of tiie screws. 

The mazimmn stress is produced Terv ooca8ional]y» t.0., during the 
heariest gales of wind Uowing broadside on : and it may, therefore, 
generally be safo to take higher yalues of the woxidng resistanoes. 

EXAMPLE n. 

A tension bar of a lattice girder is riretted to the flanges. 

The bar is 5* x \" in section, and is subject to a stress of 5 tons per 
square inch of the eiSectiye section. 

The rivets are |" diameter in rows of two. (Fig. 4.) 

Determine the number of rivets necessary for shearing resistance at 
•4 tons, and bearing resistance at 5 tons per square inch, no rivet hole 
being punched nearer to the edge of the bar than its own diameter, or 
nearer to the next rivet than 1| times its own diameter, dear ii 



RemarJcff. 

This is the case of the joint of a tension brace of a lattice girder. The 
rivets should be so arranged, that as many as possible of them may also 
hold the compression ^brace A, which is ri vetted on to the other side of 
the vertical plate of the flange. 

The necessary strength of the joint is determined by the strength of 
the brace which is the effective section of the brace multiplied by the 
working resistance of the iron in tension, viz., 5 tons per square inch. 

Failure in this joint may tend to occur : let, by shearing of the 
rivets ; 2nd, by insufficiency of bearing area. 

The diameter of the rivets is that in ordinary use (IZ.B.r., p. 209, 
Rale XXI), and this diameter should be kept as small as possible, 
consistently with good construction, in order to avoid weakening the 
brace. 

As it is impossible that, even in a structure of moderate dimensions, 
all the rivets should be equally well fitted, and under equal stress, some 
of them must have upon them a greater stress than the mean stress, 
and it is necessary in order to prevent any weakness arising from this 
source, to allow for it by making all the rivets somewhat larger than is 
necessary to meet the mean stress (U.R.T,, p. 209, ZCu/e XX.), or the 
same result is attained, as in this case, by taking a low shearing 
resistance. 
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The rules aa to punching holes are taken from Latham* 8 Wrought Iron 
Bridgee, p. 11. 

The arrangement of the rivets shonld be snch that, while they firmly 
fix the brace to the flange, the line of fractnre (^Tension and Oomjpression 
Bars, p. 82) shonld be as long as possible. 

J^relimiTumes, 

Let n = nnmber of rivets, and let them be arranged in two horizontal 
rows, as shown in Figs. 4i and 5. 
„ 5 tons = working resistance per square inch in tension. 
„ 5* tons = working resistance per square inch of bearing area. 
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to shearing. 



Fig. 5. 




n X 



- X 
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The line of fractnre will be either BC, DE, FG, or BO, HK, these 
being equal, and the shortest lines of solid iron, through the first 
row of rivets. 

The effective section of the brace is therefore 4|-" x 1^* = -f^ square 
inches, and the total stress to be conveyed through the rivets is 

fl X 5 tons = 10 iV ^^- 0-) 

(1) To find the number of rivets to resist shearing. 
The resistance to shearing of all the rivets together is 

(ly X 4tons. (2) 

As (1) and (2) are equal 

10 A = n X 5 X (1)8 X 4, 

whence n = 4*3 nearly. 

Two rows of rivets would not suffice, while 3 rows would give one 
too many, which might be met by inserting a rivet L near the centre. 

(2) To find the number of rivets necessary to give sufficient 
bearing area. 

The bearing area of a rivet on a plate is the diameter of the rivet 
multiplied by the thickness of the plate. (L.WJ.B., p. 19.) 
Bearing area = n x | x ^. 
Total bearing resistance = n X i^ x 5 tons. (3) 



* Mr- Unwin. p. 106, Iron Bridge and Boq/k. thinks that in chain rlTettad joints 7| tons per 
•qoaro inch oi Mwing area might be taken as the woi^iog reelitanoe. 



■** 
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Ab (1) ancl (8) are eqiiaL 

10A=xnX« 

wnenoe n = 4*7 
00 that the nimiber of riyete neceflsary for streng^i is also snffioieni for 
bearing area. 

Nefi*--VQr a btlier aRBsgemflnl of the rhvlt i& Uiia joinl^ BM p. 108^ 

EZAMFLB m. ♦ 

A nrrought iron tension rod, 1-indi diameter, and bearing a tensile 
stress of 5 tons to the inch, is jointed in the manner shewn in Fig. 6. 



J^^. 6. 
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DeUrmine : 

Ist. The diameter of the bolt necessary to resist shearing ; and 2nd, 
to have sufficient bearing area. 

Srd. The depth of the parts AB, so that they shall have on them 
the same intensity of stress as the rod itself. 

4th. The depth of the parts 6C, BD, so that they may have on 
them only a proper shearing stress. 

Bemarka. 

This is a common method of forming the joints of tie rods in iron 
roofs. 

The necessary strength of the joint is determined by the tension on 
the rod, t.e., the section of the rod, mnltiplied by the working resistance 
per sqnare inch of the iron in tension, which is given at 5 tons. 
Failure in this joint may tend to occur : 

1st. By the shearing of the bolt on the surfaces at E, E. 
2nd. By the bolt cutting into the eye of the rod, or the eye of 
the rod into the bolt, producing a loose joint, consequent unequal dis- 
tribution of the stress, and bending of the head and sides of the eye. 
(UJ.B.B,, p. 105, 106.) 

8rd. By the tearing, either of the jaws, or of the tongue of the 
eye of the tie rod, at AB, AB. 

4th. By the shearing, either of the eye of the jaws of the tie 
rod along BC, BG, or of the eye of the tongue along BD, BD. 

In msSdng a joint of this kind, the rod should be gradually rounded 
ofE into the tongue and jaws as shown in the figure. 
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Preliminaries. 

Let d = diameter of bolt in inches. 

„ 5 = breadth of eye at AB, in inches. 

„ c = depth of eye at BD or BC „ 

„ f = thickness EE of tongue T „ 
Then \ t = thickness EF of jaws J, J „ 
Let 5 tons = working resistance per sqnare inch in tension. 

„ 4 tons = „ „ „ „ „ „ to shearing. 

„ 5 tons = „ „ „ „ „ „ of bearing area. 

(1.) The tension on the tie rod = J X 1 X 5 tons (1) 

The bolt has two shearing surfaces, E, E, each of which has an area 

= ^ X d^y and the total working resistance, supposing the bolt to fit 

tight, = 2x^X(f«x4 tons. 

If, however, full allowance be made for the joint not being tight, the 
working resistance should only be taken at |th of this (^U.B,T., 
p. 209, Rule XX.) ; and the working resistance becomes 2 X | 

X J X i» X 4 (2) 

As (1) and (2) are equal. 

Jxlx5 = 2xfxJx(Px4 

whence d* = |- 
(2 =91 
(2.) The bearing area of the bolt and eye on each other is the diameter 
of the bolt, multiplied by the width of the surfaces in contact, ?.e., the 
thickness of metal (L.WJ.Ti., p. 19) = (2 X <, and the working 
resistance of the bolt and eye each = d/ x 5 tons. (3) 

As (1) and (8) are equal. 

Jxlx6 = c2<x5 = ixlx5 

whence d = '7854, 
BO that a smaller diameter being required for sufficient bearing area, 
than for resistance to shearing, the larger diameter would be adopted. 

(3.) The sectional areas at AB, AB, are equal in the tongue and in 
the jaws, and are 2 6^, or 4 6^. 

The working resistance to tearing is, therefore, 2 5^ X 5 tons. (4) 

As (1) and (4) are equal. 

!Jxlx5=26<x6 = 26xlx5 
whence 6 = '39 

As allowance has been made for a loose joint in the bolt, an allowance 
should also be made in this dimension. Sir Charles Fox (U.I.U,R., 
p. 106) recommends in the case of suspension links, that the metal 
round the bolt should be -x^th wider than the width of the body of 
the link, the diameter of tiie bolt being not less than }rds the width 
of the body. 

This is equivalent to an increase of "Arth of the sectional area, and 
following this recommendation, the breadth may be increased to *43 
inch. 
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I^ofenor BuJdne (B.(7.1F., p. £18, £19) recommenda, on acconnt of 
Ihs tsnnon beine nneqnslly diBtribntod ovfr the sides of the eye, that 
ttudr area Bhonld be made ooe-half gveaier than would be neceBsary, if 
tiietensicniweTeiuu&miljdistrifaatM. This would make ji = 6 nearly. 

(4i^ The ahearing sorfaoes are, in the case of the jaw, 4 in number, 
and in the oaw of the to&gne 2 in number, the former being each -^ ( 
X e, the htter being each t X e. 

liie total noBt^noe to Bhearing in each oaw is 21 x X 4 bnu (S) 

The foroe prodorang ohwunng is gircoi bf e^nation (1) 

As (1) ana (£) are eqnal, 

^xlx5=:2txex4s:Stfx4 

irhence o = '5 indhes. 

It ironld probabbr be made somewbat larger, and having ragard to 

nneqnal dutribntaon of streea, it woald be a viae pmoaation to make 

it haii aa large again, i^ '7fi indies. 

EXA3CFUBI IV. 
The tie rod dE an iron'ioof is jointed in tiie oantre braeoiqiling 
soreTr (_Fiff. 7). 

Fig. 7. 




The tie rod in t^ ■ Ji a M wi W ; <Vh4^(0« ^' Kf » "Wliitn'orth'?, angnlar 
threads, 8 threads to the inch Depth of thread = pitch of screwB = 

The tension on the rod is 5 tons per square inch. 

1st. The miniimnn length of the female pcrew necesaarj to f^ve a 
proper shearing resistance, it being estimated that half the resistance 
to uiearing is lost by weakening the metal by the thread of the screw. 

2nd. The thickness of the metal at d of the female screw, supposing 
that there is a hole on each side 2' diameter to allow of the insertion of 
a bar for turning the screw. 



This is a oonunott arrangement to enable the tie rods of an iron 
roof frame to be adjusted. It is also nsed iu the suspension rods of 
saBpension bridges. 

The information respecting Whitworth's screws is taken from 
Moletworlh't Engineering Formula, p. 79, 80. 

The strength of the joint is determined by the strength of the tie 
rod, which is the effective section of the rod multiplied by the working 
resistance of the iron in tension, viz., 5 tons per sqaare inch. 
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Failure in this joint may tend to occur : 

Ist. By the stripping or shearing of the male or female screw. 

2nd. Bj the tearing of the coupling screw between the threads, i.e., 
at A, A. 

The resistance of the threads of a screw to shearing may be taken 
(JJ.J.jB., p. 151) at one half of that of solid iron, i.e., at 2 tons per 
square inch (^See also Note, p. 95). 

The principles involved in this Example apply equally to screw bolts, 
which are to be subjected to tension. 

Preliminanes. 

Let I = length of screw in inches. 
„ < = thickness of metal of female screw, exclusive of depth of 

thread in inches. 
„ 5 tons = working resistance per square inch in tension. 
„ 2 tons^= „ „ „ „ to shearing of threads 

of screw. 

The effective section of the tie rod = (1^—2 x |)3 x ^ and the 

total tension on the tie rod = (|)' X ![ x 5 tons (1) 

(1.) The surface of the screws, wluch resists shearing with the least 

total force is Z X f^ x ir, and the total working resistance is therefore 

2 X iir X 2 tons (2) 

As (1) and (2) are equal. 

(|)» xirx5 = Zxiirx2 
whence l^\i inch. 

The length given in the table of hexagon nuts and bolt heads 
(^M^,F., p. 79) is Vj which is therefore amply safe. 

(2.) The area of the annulus of the female screw is 1^(1 +2Q*— l)** 

= (4i + 4fi) J, from which the diameter of the two lever holes 
multiplied by the thickness of the metal has to be deducted, whence 

the effective section of the annulus = (4i -f 4^) J — 1*5^. 
The total working resistance of the annulus is therefore 

J (4.< + 4 ^) J - 1-5 / I 6 tons = (3-1416 fi + 16416 5 tons (8) 

As (1) and (8) are equal, 

(|)« X IT X 5 = (81416 fi + 1-6416 0x5 
whence ^='19 inch exclusive of depth of thread. 

which it is to be remembered is a minimum. It would be more con- 
venient to make it larger. 

The following extract from Lecture I. of the Course of Lectures on 
Wrought Iron Bridges delivered at the School of Military Engineering, 
in February, 1871, by Mr. W. Cawthome Unwin, B. Sc, sets forth 
principles, which should be attended to ix)L the arrangement of rivetted 
loints. The complete explanation and illustration of these pr inciples 
IS g iven in two papers by Mr. Caloott Reilly, C.E., in Vols. JULLV. 
and xxix^ Minutei of ^roceedingt of the InstUuHon of OivU Eihgvneer$y 



102 ARRANQEHENT OF RIYETTED JOINTS. 

the papers being Uniform Stress in Oirder Work, and Studies of Iron 
Bri'fges : 

'* In the arrangement of ri vetted joints there is one point of capital 
importance which hitherto has been a great deal too orten neglected in 
the design of iron girders, and that is the arrangement of the riyetting 
so as to avoid bending stresses in the bars which are rivetted. This 
will be best explained by an example : 

'* In attaching a tie-bar to the flanges of a g^dcr, we may, as is very 
well known, reduce the loss of section due to the rivet holes to that 
due to a single rivet. To do this, we must arrange the rivetting in 
rows at right angles to the longitudinal axis of the bar. In the row 
nearest the centre of the bar we must have not more than one rivet, 
and the section 1 — 1 / V^. 8, is accordingly reduced in strength by one 

Fig, 8. 




rivet hole. Now the exact pressuredn each of the rivets, in a joint of 
this kind, depending on the relative resistance of the different sections 
of the parts connected, is unknown. But the following analysis is 
sufficiently accurate for practical purposes : In the section 1 — 1 the 
area corresponding to one rivet hole is punched out, and the bar is 
reduced in strength by that amount. In tlie section 2 — 2 there are 
two rivet holes, but if the bar tear at that section it must simultaneously 
shear the rivet in the section 1 — 1 ; hence if the resistance of one 
rivet to shear be not less than the resistance to tearing of a strip of 

plate one diameter wide (that is, if c2 = or > 1*27 A, where d = diam. 



/»3 



of rivet, t = thickness of plate, «], ffg, = limiting safe stress in tension 
and shear) the section 2 — 2 will be equally strong with section 1 — 1. 
Similarly the third section might have 4, the fourth section 8, and the 

nth section 2 ^ ^ rivet holes without the reduction of the strength of 
the bar below that of the section 1 — 1, or virtually by one rivet hole.* 
" This condition as to the number of rivets in each row being fulfilled, 
it is too often supposed that the arrangement of the rivets in other 
respects is a matter of indifference, and an arrangement such as that 
in Fig. 9, has been frequently adopted. Now the effect of this arrange- 
ment is, to move the resultant of the forces applied by the rivets to the 
bar away from the mean fibre of the section. By the mean fibre, I 
nnderstajid the line through the centres of gravity of all the cross 

* " ThiB mode of calcnlatinn is somewhat diflerent from that adopted h^ many engineers who 
regard each rivet in a joint with n rivets as carrying l-nth of the load. Without more knowledge 
tluLn we possess at present of the distribution of stress in rivetted joints, it is impossible to say 
which method is most aoooFate." 
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Fig, 9. 




sections of the bar perpendicnlar to the applied force. When the 
resultant does not act in the direction of the mean fibre, the stress on 
the cross sections of the bar is no longer nniformlj distributed, but is 
unifonnly vaiying, and greater at one edge than the other. And at 
any point the magnitude of the stress will be found bj compounding 

with the mean stress— , which would be the stress if the resultant 

a 

force acted along the mean fibre, the stress due to a bending moment, 

Pn, where n is the distance between the resultant of the forces applied 

by the rivets and the mean fibre. And it is sufficiently accurate for 

practical purposes to assume that the resultant passes through the 

centre of gravity of the group of rivets. Let P be the load which the 

bar will carry safely ; s the limiting stress, and a the area of cross 

section at any point ; n the distance of resultant of forces acting at 

rivets from centre of gravity of section, measured parallel to section; 

X the distance of most strained edge from centre of gravity of section ; 

I the moment of inertia of section ; then 

sa 



P = 



If the section is rectangolar 



1 + ^if^- (1) 



p_ sh h 



H-6« • (2) 

n 

Obviously the bar in this case will carry safely a less load than if the 
rivets were so arranged that the centre of gravity of the group coincided 

with the mean fibre of the bar. (For example, if n =—-, a square bar 

will carry only } as much as if w=o). Now it is open to us as circum- 
stances may dictate to arrange the rivets symmetrically with the mean 
fibre or not. But in the latter case we require a heavier tie bar, in 
consequence of the existence of a bending couple as well as a direct 
tension. And the same is true of bars in compression. 

" Thus far we have considered only a single bar. But the same con- 
siderations apply to the member to which the bar is attached. The 
centre of gravity of the group of rivets should fall not only on the mean 
fibre of ^e tie bar but also on that of the boom. Further, if instead 
of considering the bar as a whole we examined the state of stress in 



IM Inuamn or biimiu nam. 

. fb» MotiDDa dms^ ilie rireK w» ahovld Sitd that, to secnre perfect 
VBiftnu^ of stnM om^ mr (rf rirafa dioa^ be independent!}- sj-mme- 
trioil ahmi boUt tits mean filn of the Immi and the tie bar. This 
state of gpamBbj oui on^ be pnfBctiy realiKd. in joints of two bare, 
when the ban are at ri{^ aa^pee (Kjr. 10) ; and in other cases by ra- ' 

Kg. 10. 




|ilaaing tibe group (rf rirete by a smf^ via. Bntforpneticalpiizpoiaa. 
it is snffloiant to f olfil two ooadUvnu^ ute atatemwt of which we owe 
to Mr. OalooU Bcmy. 

" (1 ). The centre oi gravitf of the group of iiTeta mnat fall <» tlie 
inteneotion of flie mean fibree of the bare. 

" (2). The fint tow of rivets in eaoh bar, that ia the row on the dde 
towuds whioh the atraaa ia tittiHmitted, mnst be ejnunefarioal with the 
mean fibre of that bar, or sb Mr. Reilly puts it, and this in general 
amoontB to the same thing, the leading rivet in each bar mnst be on 
the mean fibre. In designing a joint we ^]fil these conditions veir 
aimplj. We arrange the rivets as Bjmmetricallf as possible with each 
raesn fibre, and for those rivets which cannot be placed in pairs svmme- 
tricallf , we make the enm of the distances of the nnsjimnetricaJ rivets 
on one side of the mean fibre equal to the Hum of the distances of the 
DnBvmmetrica] rivets on the other side." 

Thns in. Fig. 11 two bars A£, CD are shewn, the main fibres being 
respectively AB, and CD. Then as regards AB, rivets 1 and 4 are 
on the mean fibre, rivets 2, 3, 5, 6, are symmetrical witli rq^ard to it, 
while 7 and 8, thongh onsymmetrical, are at equal distancee on opposite 
sides of it. 

Fig. 11. 
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As regards CD, rivets 2, 5, 7 and 8 are on the mean fibre, wbile 3, 4, 6 
and 1 are nnsjmmetrical, bnt at equal distances on opposite sides of it. 

If another bar EF were attached, the same rivets would fulfil the 
conditions required in regard to it. But in this case only 3 and 6 are 
on the mean fibre, and the others are nnsjmmetrical, but at equal 
distances on opposite sides of it. 

Let it be required on these principles to examine into the strength 
of the tension bar in Fig, 5, Example II, p. 97, supposing it to be 
rivetted as therein arranged. 

The mean fibre traverses the centre of the bar MF {Fig. 12). The 
centre of gravity of the group of rivets is at C, and the resultant stress 
RS passes through it. Then the distance between the two lines, n, = '2 
inch. 

Fig. 12. 




Whence, as P= 



8h h 



1 + 6 



n 



8 = 



•(1+6J) 



bh 



where P = 10^^ tons, 6 = ^ inch, A = 5 inches, n = '2 inch, 

whence s = 5*42 tons per square inch. 
i.e,y the maximum intensity of the stress under a total tension of 10-j^ 
tons exceeds the mean intensity by *42 tons per square inch, or about 
8 per cent. 

Mr. Reilly gives (p. 482, Vol. XXIX., M.F.LCE.) a case of 
ordinary occurrence in which the increase of stress on one side, due 
to the fauity arrangement of the rivetting amounts to as much as 
26 per cent. 

The increase may be avoided by arranging the rivets as shewn in 
Fig, 13. It is to be borne in mind that in this case owing to the form 
of the boom, which, as shewn in Fig. 5, is of trough form, it is not 
possible to make the mean fibre of the bars, and of the boom intersect 
m a point ; and that there is still a bending stress in the boom due to 
the rivetting, although it has been got rid of in both the tension and 
compression bars. 
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9tda is also got rid of bgr a spedal feim of boam» introdiioed Ij 
Mr. Oalctyit Bemy, JL, wmoih is referred to again in flie paper on 
Pmtt^ Wraugki irtm Beam$, 

The effect of neglecting the proper anaogement of the rmta ui 
iHiiatraited in > remarkable manner in the fb^Ibwing extract firam the 
lecture already qnoted : 

** It iaeztrerndtyoonunon, in employing angle, X'^ channel iron in 
the form of strats, to attach them in ancha manner that the line of 
action of the external forces does not pass through themean fibre. For 
instance it is extremely common to find them nvetted by one only of 
the flanges. It is of course open to ns to oonstmct strats in this way, 
and it may often be both the readiest and most economical way of pro- 
ceeding, but we ought to remember that the bar so rivetted is weaker 
than if the attachment were made in a more perfect manner, and that 
the ordinary f ormnko for long columns do not apply with strictness to 
bars so attached. We have experimental evidence of this, for some 
years ago Mr. Davies of the Crmnlin Works tested to fracture a series 
of stmts of angle, Xi channel, and cross iron ; some of them squared 
at the ends and compressed between parallel plates ; others rivetted 
by one flange. 



Angle irons, squared ends 



rivetted by one flange 
Tee Iron, squared ends 3 X 3 x } 

„ rivetted by one flange „ 

Channel Iron, squared ends 8 X If x } 

„ rivetted by one flange „ 

Cross Iron, squared ends 8 x 2| X } 

„ rivetted by one flange 



8 X 8 X 1^ crashed with 181 tons. 
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t> 
99 
99 
99 
99 
99 
99 



*' The loss of strength was greatest in those cases in which the devia- 
tion of the line of compression from the line of mean fibre was greatest. 

It is often very convenient to use angle irons in that way and we are 
not precluded from so using them ; only if we do use them we must 
remember they are not so strong as the strength which would be calcu- 
lated from the ordinary formnln for long columns. In ordinary cases. 
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where the formxilfld 1 and 2, given above, show a lower result than the 
ordinary formnlsd for long colnmns, then we ought to calculate the 
strength by means of them." 

And the effect on the cover plates of wrought iron g^irders is ex- 
plained in. the following extract from the same lectures, and is illus- 
trated in Example II. Built-up Wrottght Iron Be^vma : 

'^ There is one other point on which light is thrown by considering 
the effect of the deviations of the line of action of the straining force 
from the mean fibie, and that is the proper proportions of cover plates. 
In many of the earliest bridges, the joints in the booms were supposed 
to be rendered of equal strength with the booms, by putting a cover 
plate of equal strength with the plate in which the joint occurred, on 
one side of the joint. The effect of this is to introduce a bending 
couple whose magnitude is the straining force multiplied by the thick- 
ness of the plates, and the joint is in consequence considerably weaker 
than the rest of the structure. When this was recognised, and partly, 
I believe, through the action of the Board of Trade, it became the 
custom to place invariably a cover plate on each side of the joint, and 
these covers varied in thickness according to the whim of the designer. 
In this case it is clear that we eliminate the bending action and preserve 
uniform strength by using two covers each of half the thickness of the 
plates to be joined. 

When the boom consists of a number of plates (Fig. 14), the case is 
more complex. 

Fig.U. 
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<* In thiffoase, we ought to have <| -f L = < (1) 

and <i/; = y, (2) 

It is easy to assume approximate values for l^ and l^ and then deter- 
mine ty and ^. 

There is yet another case, when the same covers are used for the joints 
in several tiers of plates. In this case we may determine ^ and ^ for 
each of the joints and make each of the covers of the greatest thicknesss 
found for any of the joints. Of course it is impossible practically to 
proportion cover plates exactly by these rules. But they may usendly 
guide the selection of a convenient thickness." 

The greatest inequality in the distribution of the stress on f he two 
covers occurs, whatever the number of plates, when the joint is in the 
outermost pla^ on one side or the other {Fig- 14), and in this case, if 
u is the number of plates, 

^=(t*-i)<-hH 

and salistitiiting these valnes in equations (1) and (2) 

^ « + 1 
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Wliaii file' joint hUs in the plate next to the onfaude plate. 

and by rabstttoting iliese Tallies in equations (1) and (2) the Tidne of 
if far fliis case is <Hiiained. 

Simikriy to oilier positions of the joint. 

The nnmher olxireis (and oonseqnentlj tiie kngth of the ooven) is 
greater than wonld be required for a joint in ft single plate with two 
oorerSy and it must be determined bj the stress on the cover nearest 
to the joints t.0.y on i^ 
Let » = number of rows of rivets on one mde of ti|e jmnt required 
to resist shear. 
m ss number of rows of rivets on one side of the joint required 
to give sufficient bearing surface. 
i =: thidmess of one plate. 
if^ y, of cover plate (as just determined). 
. h ss breadth of plate rezclusive m rivet holes). 
=: number of rivets m ihe breadthrof the plate, ub,^ in each row. 
.1= workmg reurtaBoe of iron in taudon. 
ag= w n 99 . lo snear. 

#•= „ „ „ inbAuing 



IZ 



diameter of rivet. 



Then for shear &^«i=: jc2* a^ x no (S) 






on plate & <«x = < X d X ^ X mc (4) 

bearing on cover b t^s^^i^ X d X s^ X me, (5) 

There are three methods in ordinary use of arranging the plates in 
the tension boom of a girder, where the plates are chain rivetted, viz. : 
( 1 ) The plates are so arranged that each joint has its own pair of 
covers, which method has just been explained. (P'p. 14.) (2) The 
plates are so arranged that the joints occur at regular intervals, and 
an extra plate, over and above the number calculated as necessary 
to resist the tension on the boom, is put on the whole length of the 
girder to act as a cover. (Fig. 15). (3) The plates are so arranged 
that each joint in succession is distant from that in the plate next to it, 
twice the longitudinal pitch of the rivetting, the contiguous joints in 
all t^ plates being brought under one pair of covers. (Fig, 16.) 

Fig, 16. 




/ r 



^Hhi^. 



Either the first or third method must be better construction than 
the second, which is practically equivalent to using only one cover. 

The third method is stated (tf.I.BM, p. 102) to save both weight 
and workmanship. It does not seem necessary to adhere to twice the 
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longitudinal pitch, and it is sometimes better to increase the distance 
between the contiguous joints, reducing to a corresponding extent the 
number of rows of rivets at each end of the cover. 

For instance, let Fi(j. 16 represent a chain ri vetted tension boom, 
with the plates arranged according to the third method. 

I'ig. 16. 



•n arm- 




* 



■^ 



t 



± 




Then as these plates are held together throughout their whole length 
by the rivets connecting them with the angle irons, as well as by others 
at their edges, they may be considered as one plate of which the joint 
is the double line ABC . . . KLM. 

This joint may tend to fail in one of four ways, viz. : (1) The rivets 
may shear along the double line A . . . M. (2) The rivets between 
6 and L may shear at the same moment that the covers tear across 
through the rows of rivets next to B and L. (3) The rivets on either 
side of BL may cut into the plates, or the plates into the rivets. (4) 
The rivets may cut into the covers between A and B, and between L 
and M, at the same time that the rivets between B L and B N, or 
between B L and L O cut into the plates. 

Using the same notation as betbre, and calling u the number of 
plates, and 2 the number of rows of rivets between two contiguous 
joints (Fig, 16), the following equations are obtained ; 

For shear, t* & < «, = (2 c n + (t« — 1) 2 c) — j— s^ (6) 

4 

„ shear and tear, u h t s^ =z (u — 1) z c — -r-^ 4- 2 & ^ «i (7) 

4 

„ bearing on plates, uh t s^ = c (um + ^Ct* — 1) z)td8^ (8) 

„ bearing on covers and plates, uht «j=c (2 m ^ + -5 (u—l)zt') d s^ (9) 

In equation (6) c (2 n + (u — 1) 2) is the total number of rivets in 
the cover, and for any case where b, t, s^, c, (/, and s^ are constant, i.e., 
for any given boom, the total number necessary for shearing is con- 
stant, and it does not matter how they are arranged, although it is 
clearly better to keep the end joints well within the covers. 

In equation (8), (um + - (tt — • 1) «) c is half the total number of sup- 
faces of rivets bearing on the plates, and as this equals . . ^ ^ , which 
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Md j^ftof 1^ tta Talo0 dilfi niliwd ly eqpMlioa (7), 
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or ilia Joint ia a teo n ger in bearing than in ahaaring. 
In aquation (9), 180=4 (§m l^i+Gs i) | x 5 

12s2m^+8« 

or here again tbe bearing strengtb of the joint is in ezoeaa. 
Thia joint wonld be aa sbown in Fig. 17, and the weight of the 

ooverg aronld be 2 x ^^^ ^ x H x 225 Iba. = 512 Ibe. 

Fig. 17. 
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To compare this method with the first method ; 
For a single joint where there are 4 half-inch plates, and a joint in 
one outside plate, 

<.= j-^<=txi=f=TVinch 
In equation (3). 18 X ^ x 5=ff X n X 4 

In equation (4). 18 x ^ x b=i x|x5xt»x4 

m=6 
Inequation (5). 18x^x5=32^x1 x5xmx4 

w=6 
For a single joint where there are 4 half-inch plates and a joint' in 
one inside plate, 

whence ^,=<^=-^ inch 
Inequation (8). ISx^V^^^ft^^^^ 

In equation ^4), the Yalue is the same as in last case, viz., fn:=6. 

Inequation (5;. 18x ^Vx5=Ax|x5xmx4 

m=6 
so that the difference between these two inside joints and the two in 
the outside plates is only in the thickness of the covers. 

Arranging the four joints, as shewn in Fig. 1 8, the weight of the 8 

covers = 8xl?4^x |1 x 15 lbs. = 630 lbs. 

12 12 

Fig. 18. 
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This shews that in this particular case there is a considerable saving 
by bringing the joints under one pair of covers, and there is also a 
saving of workmanship. 
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BUILT-UP WfiOUGHT IRON BEAMS. 



Tbbsi besms ax« bnili-np of wxongbt tion of Tarioiis fiyniis; i^atei bur, 
anglat-iee sod diannely Mid oocmrioniJly qnadnnt, contieoiea together 
bj riTelf of ircm, or bj bolts of iron or skeeh 

Fig. I. 
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Plata iron, ia from ^ to 1 inob thick, increasing in thidmeas hj ^ 
inch; ordinarilj, ]>latea do not exceed | inch in tbioknfuw. 

An extra prioei per ton, ia charged if t^e plate ia orer » certain 
weight, ffenerally abont 4 cwt. ; or if oyer a certaia siae, abont 24 
Buperfioifu feet; or if oyer a ceriain length, about 15 feet; or if over 
a certain width, abont 4 feet ; or if less than a certain width, abont 
12 inches. 

Plates of less than \ inch thick are called sheet iron, are made of 
iron of better quality, and are more expensiTC. 

Bar iron inclades ronnd, square, and flat iron. 

Round and square iron increases by -^ inch, from f inch to about 
8 J inches in side or diameter without increase of charge. 

Flat iron increases \ inch in breadth, and ^ inch in thickness, from 
1" X J* to 6 X 1* without increase of charge. 

An extra price is charged for irons, either larger or smaller than the 
dimensions just stated. 

Angle and X irons are of an almost infinite variety of section, full 
sized drawings of which are published by all iron merchants. 

An extra price is charged for angle or X iron exceeding eight 
"united inches,** the term united inches meaning the sum of its 
extreme breadth and depth ; or, if over a certain length, about 25 feet ; 
or for small sized angle orX irons, say for 1^" x 1^" X -^'^ and under, 
or for obtuse or acute irons. 

X iron is generally a little more costly than angle iron, and an extra 
price is charged usually for lengths over 21 feet. 

The charge for channel iron appears to vary very much with different 
makers ; but for ordinary sections the price and extras are generally 
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abont tlie same- as for Xi'^on, the "united inches" in this case being 
tiie width added to twice the depth. 

Quadrant iron consists of a Qat bar beot to a qaadrant of a circle, 
with two flat flanges. Four bars rivetted together form a tabe, with 
four wings or feathers. It is in that form especially adapted for stmts. 

Iron for rivets is mannfaotnred specially for the purpose, greater care 
being taken in its mann&ctare with a view to rendering it tough. It 
costs considerablj more than the ordinary bar iron. 

The quantity of iron in the head of an ordinary rivet niay be taken 
to be the quantity in a cylinder having the diameter of the rivet hole, 
and a length of 1-^ times that diameter. This gives a rivet head of 
the form shown in Fig. 2. 

Fig. 2. 




Poom TO Bl ATTIltDSD TO IN DBBiaKDIQ BUILT-UP WBOUOHT 
IRON WORK. 

In designing a piece of built-up wrought iron work of any kind, the 
Engineer sho^d, B6 &r as possible, use the sections and lengths of iron 
usually in the market, of course recollecting that it may frequently be 
more economical to use apecial irons, if the use of such irons saves 
labor, ns by reducing the number of jointa ; or weight, as by reducing 
the nnmber of cover plates or wrappers. 

Brivete, for which the holes are to be punched, must be so arranged 
tiiat the iron will not be unnecessarily injured by punching the holes. 

A rivet bole cannot be punched nearer to the edge of a plate than its 
own diameter, or nearer to another rivet hole than one and a half times 
its own diameter, without risk of breaking through the side of the 
plate or punching the two holes into one. (L.W.I.B., p. 11.) 

If the rivet holes are to be drilled, which is always desirable where 
many plates are to be rivetted together, the boles can be put closer 
together, and the arrangement of rivetted jointe is thus frequently 
&ralitated ; but in no case must they be so close together that the heads 
of two adjoining rivets are in each other's way. 

Whether the holes are punched or drilled, the rivcte must be so 
arranged that botii sides of each can he got at during construction, as 
otherwise the rivetting cannot be accomplished. 

The diniensiouB of rivets in ordinary use ate given in U'e/ul RuUt 
and Tahlea (Rule XXI., p. 209), and another is given in I7nunn'« Iron 
Bridget and Booff, p. 109, 110. For calculations of strength of rivets, 
see JomU and Fattiaitigt. 
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BxmruMite I9«d6 fur At War Defiwriniiii liy Mr. Kulnad^ 

20 krgefy incrMMd liy zoimdiiig il» 
hoke. 

It is pcfrlmpi not woatiiL wUle to go to Ois flip wi m in ovdiBHj oon* 
fltniGtioiia, altlioiii^ in the erenl of •ocadit Hm nrfetyof tho slnMtaro 
would be tberebf in cie e eid . 

It is not oonsidered d e ai eMe in giidar wotk to nee Murie iron of 
ijUidDEMee kee then 4^ ike ki^ of one rideu (HJJ9^p.8$. 

To loMen the evib of ootmeion, it ie not wnui in ghaer itdA to nee 
any pb^ of leee ^hen I iodi thidneee. Thin kqpe phNM ege ept to 
lose their flatneas dnring tibe riyetiiy of tihcir edgee* 

AH bnitt^vp iron wow ahonld, as &r aa poaaiWe, 1m bo deayieJ theft 
aU parts of it oan he got at periodieellf for sonpfaag and peinting. 

IhwwMBMn nfM or niun. 

Bnilt^iip wron^ht iron heams nw he divided into three grsat typea : 

Ist. Beams with hoth flanges h^visontalt and haring oontmnooe 
plato webs, of which the saddle-hacikad girder^ freqnenify need on lait 
ways, is n modification. 

So. BeaoM irith i»nllel I>orinntiJ flaagM li»iiig open w»i«.of 
which lattice and warren girders are inslences. 

Srd. Beams with one flange horisontal, the other cnrved from the 
centre of the beam to the ends where it is joined to the horiaont e l 
flange, the web being ofm or conUnnonSi geoeraltjr the former. This 
is the bowstring girlier in nse on railwaTS and aqnednots. 

Each of these types reqnire a somewhat different method of calcnla- 
tion, which again yaries as regards the web, according as the load to 
be borne is a moving or a dead load. 

BbAMS WTTH both FLANGKS horizontal, AKD HAYIKa 

CONTINUOUS FLATS WEBS. 

In these beams, the mass of the metal is collected in the flanges or 
booms, which are connected and kept apart by either one or two very 
thin vertical webs, which webs are prevented buckling under the stress 
by stiffeners placed at intervals, the stifEeners serving also to distribnto 
the stress over the web. 

It has been shewn (Stress in Beams, p. ZS) that the intensity of the 
shearing stress is nothing at the outer edges of the section of a beam, 
and greatest at the neutral axis ; and on the other hand, it has been 
shewn (Stress tn Beams , p. 15) that the intensity of the direct stresses 
is nothing at the neutral axis, and a maximum at the outer edges of 
the beam. 

If, therefore, the flanges be made wide and shallow, and the web 
very thin (comparatively), the flanges will be called upon to resist very 
little of the shearing stress, while the web will be called upon to resist 
very little of the direct stresses, and the formula for the Moment of 
Resistance, obtained by neglecting; the resistance of the web to the 
direct stresses, and considering the resistance of the two flanges as 
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equal (Cast Iron Beamsy p. 62), and constitnting a couple, baving an 
arm equal in length to the distance between the centres of tension and 
compression, becomes nearly correct ; and as it gives results erring a 
little on the side of safety, it may be and is adopted in practice for the 
calculation of the dimensions of the flanges. 

On the other hand as the web is called upon to resist a very small 
proportion of the direct stresses, while the flanges are called upon to 
resist very little of the shearing stress, a very slight error, and that on 
the side of safety, is introduced by considering the web as having to 
resist the whole of the latter and none of the former, and this method 
is also adopted in practice. 

In calculating the dimensions of the web and its stiffeners, it is 
necessary to consider how the shearing stresses are received by the 
web, and how they pass through the web to the piers. 

If the load be on the top of the beam, the stifFener acts as a pillar, 
receiving the stress, and distributing it over the web ; if it be sus- 
pended from or resting on the bottom flange of the beam, the stifiener 
IS a tension bar but still plays the part of distributing the stress over 
the web. The stifEeners over the poinU of supports are pillars in both 
cases. 

The first effect of the load on any stiffener is to tend to shear the 
plate of the web vertically through the rivet holes by which it is con- 
nected with the stiffener. 

The web being made strong enough to resist this shearing is dis- 
torted in a vertical plane, each particle originally square becoming a 
rhomb, the longer diagonal of which inclines upwards and towards the 
point of support, the shorter diagonal upwards and away from the point 
of support, thus, 

Fig.S. 




This distortion is greatest at the neutral axis, and lessens towards 
the outer edges of the beam, but between the neutral axis and the point 
of junction of the web and flange, the difference of distortion in beams 
of moderate depth is very little, and it is usual in consequence to con- 
sider it as uniform ; in other words to take the shearing stress at any 
vertical section as uniformly distributed over the web at that section. 
Where there is no shearing stress, i.e., in Fig. 3 at the centre of the 
beam, there is of course no distortion. 

Professor Rankine has shewn (B.G,E., p. 529, U.LB.B., p. 20), that 
the shearing forces producing distortion of any square particle may be 
replaced by two forces, one a tension and the other a thrust, having 
equal intensities with those which they replace, and on the assumption 
that the shearing stress is uniformly distributed, the whole of the 
shearing forces producing distortion may be replaced by a net work of 
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Nos. 5 and 6 are neefol for longitodinails and croaabeams for railway 
brid^ platforma, or other small spans. 

No. 7 for bressummers in drj sitoations. It is not a good form if it 
is to be exposed to the weather, nuless it is large enongh to allow of a 
boy getting inside to scrape and paint. 

No. 8 for longitudinals of railway bridge platforms where the depth 
of the bridge platform is required to be redaoed to a miniraam. 

No. 9 for main girdera of railway bridges up to a span of abont ?0 
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No. 10 for main girders of railway bridges for larger spans, where 
the open web cannot be used. 

In designing built-np beams, the following points shonld be kept in 
view : 

(1) The length of the beam for the pnrpose of calcnlation shonld be 
the length &om centre to centre of bearing, not the dear span. 

(2) The effective depth of the beam is the vertical depth between 
the centres of tension and compression of the flanges, and the centres 
of tension and compression may withont sensible error be considered to 
be at the centres of figure of the section of the flanges. 

The depth varies in these girders from ^to-^oi the length, -^ 
being said to be the proportion which is most advantageous. 

If the beam has a greater depth, the web is more liable to buckle, 
and extra iron has to be put in to stiffen it ; if it has little depth, more 
metal has to be put into the flanges. 

(3) In the tension flange, the metal removed in the rivet holes must 
be deducted in calculating the strength of the flange. The loss of 
strength due to rivet holes in the plates of a chain rivetted flange may 
sometimes be reduced as low as 15 per cent, of the whole. In the 
compression flange, if the work is properly done, the rivet holes being 
filled up again by the rivets, and the compression conveyed through 
them finom one side of the hole to the other, no deduction need be 
made. 

(4) The width of the tension flange may, if necessary, be reduced 
to 'v^hat is required to give a proper bearing on the piers, or if the 
beam is sospended from the top flange (as in warren girders some- 
times, Fig. 11) to a still smaller breadth. 

Fig, 11. 




The width of the compression flange, when it is unsupported, as 
when the cross girders are on the bottom flange, must be enough to 
prevent buckling sideways (i.e., in a horizontal plane) under the thrust. 
This is found from experience to be obtained by a width oi -^to -^ 
length of the beam. In long, and therefore deep, girders, a smaUer 
width may be used, the top flange being stiffened against lateral 
bending by cross arches or girders (Fig, 12). 

(5) The joints in the compression flange, not being a source of 
weakness, may be made as numerous as convenience requires. Those 
in the tension flange, being on the contrary a source of weakness, 
should be as few as possible. 

The plates in the compression flange range in practice from 8 to 
about 12 feet in length, while those in the tension flange may range 




from IS feet npwarda, tbe object of the greater len^lt Iwing ti 
, the unmber of joints. 

^IB pktes in each flrvngo shoaM, aa far as possible, be uniform m 
diawMiona, and the rivets ehould be so arranged that the pattern for 
aaofatdato is, as nearly as possible, the eiLme. Anj departnrc from this 
nil« mTCfees the risk of mistakes by the workmen. It is in fact worth 
iriiils to Trasf« a httle metal to secure uniformity in the work generally. 

WiMre the quantity of metal required in the flanges is great, it 
W/pptmn tetter to nse a large number of thin p!ftt*s than a small 
number ci thick ones, the former being stronger in proportion to their 
ttiolmaiB thfm the Intlor, ftd.l nliowiiirf .,( u more grail iial redaction of 
the qnftutity of metal towBrds the pomte of support, thna nndarin^ 
the deflection of the beam under its load more gndnal. 

(6) Horiiontal joints in the weba of girders are to be aroided, as 
the upper aidee of uieir coTers afford a lodgment for the rain. They 



tre necessarr only in girders of nnosnal depth. 
There is tliia advantage in red 



1 reducing the number of all joints, that 
the number of places where rain can penetrate is thereby reduced. 

(7) Built-up wrought iron beams are almost always conairucted 
with a " camber," such that, when the beam is folly loaded it becomes 
horieontal or nearly so. 

This " camber " is made equal to, or a little more than, the ciJculated 
deflection of the beam, the deflection in this case including a consider- 
able amount of permanent set, due to the large number of parts and 
the unavoidable imperfections of their connections. 

Tbe effect of tbe two causes is to reduce the value of tbe modulus of 
elasticity, B, from about 29,000,000 lbs. to about 18,000,000 lbs. (B 
Taries from 16,000,000 to 18,750,000, B.C.E., p. 531) ; and, in calcu- 
lating the camber, this value of E should be used. 

With a beam of uniform strength, under stresses of 5 tons and 4 
tons per square inob in tension and compression respectively, and 
having a depth of from -^ to -j^- the span, the camber would be fit)m 
about Y^Y *■> thi °^ ^^^ ''F^" '• °^d if, as may be inferred from tbe 
reduction in the value of E, about ^ of this is a4>sorbed by permanent 
set, the true d^ection would be from y^wv ^ jhs °' ^^ span. 
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It maj be wise to increase this camber a little, say by |rd, the calcn- 
lations for deflection being approximate only, as it is better to have too 
much than too little camber. « 

(8) Iron beams, if " fixed " with a view of getting the additional 
strength and stiffness due to fixing them, shonld still be free to expand, 
and contract lengthways. This may in some cases, as in the case of 
floor girders, be effected by placing templates above the ends, as 
in Fig. 13, and weighting them. 

Fig. 13. 
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Bridge girders shonld not be *' fixed " at both ends ; one end shonld 
be absolutely free to expand and contract, and usually they are merel} 
placed on their supports without fastenings of any kind. 

Girders for railways (double line, narrow guage) over about 80 feet 
in length generally have expansion rollers under one end ; when less 
than that length, tarred felt, lead, or planedcast iron plates are often 
used under one or both ends to lessen friction and allow of easy 
expansion and contraction. 

EXAMPLE I. 



It is required to design a box girder of the form shown in Fig. 14, 
and of uniform section to replace a partition wall under the gutter of a 
roof of the form shown in Fig. 15. 



Fig. 14 



Fig.lh. 
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Its clear span is 30 feet, its width 14 inches, its effective depth is to 
be as small as possible, consistently with the girder fulfilling the two 



190^ noondk wot osMom of vrntnimaimamm ^ 



folkwiiig oonditigns : Lrt^ ilMil Hm woMag «dbtMMm ahftll Hok 



On Bauing SiuHBMe 7 lorn 

Btion BbtD not ffi^oftri ihn 
trOmted iwlioia load (mdadiiig 



8i^ fitti tibe cMeolkm diall not osoeed f iiM% vdAbt m mbanfy &b^ 




The girdttni win Msl at eM& end on » Wok ifdl 14^tiuek| ft item 
template being phoed under eech end to disteibnle 4e imf^btk 0?er » 
ewfEkaeot rar&oe of tibe welL 

The totil lengdi of iiie gizder win lie 82 ft 4 ini^ es^ 
oentre to oentre of iMuinge mej be idcen at 81 AmI^ 

;ft ie not pctqpoeed to *« fix'' Ott ende of tlw gMtav^ 

(1) To find tbe depdi neeenaiy to fbUl tbe twp pfw oondiiMOiie. 

Thia being a beam of vnifQcn ieolion, liaTOBgft^ 
atrengtih, the defleotion is given bf the temnlL - 

where the ejmbdb hare the meaning given in liie page fote w ed to. 

Inthiaoaae^y»|iindi, ewf |indi,iLe.^in0hnerft. rQn(p.40). 

n'' s ^ (the beam benng enp po itea at both m» and 

uniformly loaded). 
/,^ = 5 tons. 
/^ = 4 tons. 
= 186 inches. 

E = 18,500,000 lbs. the Modnlns of Elasticity for 
plate beams, which may be taken high in 
this case, as the number of joints will not 
be large (iLO.E., p. 531). 
h^ = effective depth in inches, required. 

rpi, 1-5 9x2240 X 186» 
men ^ - „ __^-gg^-_^ ^_ 

whence h^ = 20*9 inches, say 21 inches. 

(2) To determine the section of the flanges. 

The section of greatest stress being at the centre {Stress in Beams ^ 

S. 7), and the beam being of uniform section, it is sufELcient to 
etermine the dimensions of the flanges at the centre. 
On the assumption referred to at page 114, that the whole of the 
direct stresses are taken by the flanges, and the whole shearing stress 
by the web, 

2 
The Moment of Flexure, — ^ =/v Ad, or /^ A^d, Moment of 



EXAMPLE. BOX QISDEB OF UKIFOBM SECTION. 121 

Resistaiice. 

In tliis caae to per inch run =;r^ ^rr =--7v« tons. 

^ 31 X 12 186 

c = 186 incheB. 

/b = 5 tons. 

/^ = 4 tons. 

whence A = 6*2 square inches = effective section of lower flange. 

Ai = 7'75 „ „ = gross section of upper flange. 

Each flange may be taken to consist of the plate and two angle irons 
(Fig. 16), and the plate may be supposed to have three rows of rivets 
in it (the centre row being mr the cover-plates), and the angle irons 
two rows each, one in each arm. 

Fig, 16. 
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It is apparent, from the small sectional area required, that one plate 
will be enough, and it is as well (not necessary) to have the angle irons 
and plate the same thickness. 

Assume the angle iron to be S'^ X 3^^ which will be sufficient to allow 
of the wrappers being rivetted on, make the rivets -fl inch diameter, 
and call the thickness of plate and angle irons, U 

Then for the tension flange. 

The effective section (T&nsum wnd Compression Bars, p, 82) is 
14—3 X fj) t (for the plate) + 2 (6 — « — 2 x \f) t (for the 
angle irons) and this effective section = A = 6'2 square inches, 

whence ^ = iV uich. 

For a plate -^ inch thick, the proper diameter of rivet, according to 
ordinary practice (U.B,T,, p. 209; UJ.B,E,^ p. 109) is about \^ inch, 
which is the assumed diameter. 

The loss of strength in the plate, due to the rivet holes, is about 
13 per cent; the loss of strength on the whole flange is about 17 per cent. 

For the compression flange. 

The effective, which is the gross section, is 14 ^ (for the plate) 4- 2 
(6 — i) t (for the angle irons) and this gross section = A^ = 7' 75 
square inches, 

whence ^ = -j^ inch. 

(3) To determine the dimensions of the cover plates and of the 
wrappers for the angle irons. 

The latter might be got rid of altogether, angle iron being easily 
obtainable of the length of this girder, but for the sake of showing how 
to calculate the wrapper, it will be assumed that there is a joint in the 
angle iron at the centre of the girder. 



IfiS wsMMTUL BOX isiBDiB 09 mnMui waoom, 

. In ordat to keep iiio {tefeee wHbm iiio kngfii for 'wUdi mlam obogO 
ii inado^ M tbore be \ilim lengUii of ph^ moMdiilKB^ iiiejoimlsm 
Moli plftto bdbg iinui mboui 6 fcei on omAi nda of ib» oenAre of ike 
girder* 

The otnoi on ontf ndo of the jointB is ftnfc tdcoa lij the nbrotey' hf 
tiuBoai tnuMEflRod to iiio oo¥0r pbte^ iribAdi m tan tmglani it to tibe 
IliTots on iiie olhflr iid» ot the joi^ 

The totid ilreii at { leot ffom the oeiitre fe" ?*"? ^??**^ 

ffWiigi off flnoor* 

^j^X^2a(ffiwitfaB««, p. 7) »Lyig^^ » 87-8 tea 

ntelf . 
]Por iiio tnudon flftmra s 

tibo ofbotim wotioiiof tibo plat^ == V >< iV ^ 4U 

and iiie eflb o tive aeotion of the angle iroiui s ^^ ss f|f 

Of the total Btreea of 27*8 tons, the plate liaa to bear Iff ^ 27*8 tone 
as 16 tons nearly. 

Forthennmber, fH of mete in the plate on eaoih aide o^ m 

order to be aeonre licpunat dearing* 

11^ X T-x (H)* X 6 tone SB 16 tone 

utMnoe n as 10*4 
JTor Hearing anrcftoe, 

n X ^ X \% X 7 tons = 16 tons 
whence n = 11'7 

and the latter number must be adopted. 

Let the pitch of the rivets in these plates be t^ken at 8 inches. 
Then as there will be four rows on each side of the joint, the cover plates 
will be 24i" long, and it will be seen afterwards that these rivets range 
with the other rivets in the work. As there is only one cover it shomd 
be 1^ thick. It would be far better construction to have two covers 
-ff each, although it would take a little more metal. 

For the compression flange ; * 

the gross section of the plate = 14'' X -j^ = |f = fff 
and the gross section of the angle irons = 2 x ff | = f|4 

The plate has on it -j^^ x 27*8 tons = IS'S tons, 

For shearing, » x -^ X (|^)« x 5 tons = 15*3 tons, 

4 

whence n = 9*97. 

For bearing surface, n x -^ x \^ X 7 tons = 15*8 tons, 

whence n = 11 '1 nearly. 

The cover plates in each flange may therefore be the same, and they 
will be as shown in Fig, 17, subject to alteration, if it be found necessary 
in order to make their rivets range with those in the rest of the work. 
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Fig. 17. 
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The angle iron wrapper. 

The joint being at the centre of the girder in the tension flange, the 
relative effective section of the plate, and angle irons being the same as 
given jnst now, and the stress at the centre being 6*2 sqaare inches X 
5 tons = 31, the angle irons have on them \\^ X 31 = 18*1 tons. 



For shearing, » x — x (f|) « x 

4 



5 



13*1 
tons = — - — tons, there being 



two angle irons, 

whence, n, the nnmber of rivets in each angle iron = 4*3. 

13*1 
For bearing surface, » x -fj x -j^- x 7 tons = -^ tons 

whence n = 4*8. 
or three rivets on each side of the joint, in one arm of the angle iron, 
and two in the other, will be required, or three in each may be used, if 
more cbnvenient. 

In the compression flange, the angle irons have on them iVtV ^ 31 
tons = 14 tons nearly. 

For shearing, n = 4*5 
„ bearing surface, n = 5*1 
80 that the wrappers may be the same for each flange. 

A wrapper 19 inches long, and having a section equal to that of the 
angle iron may be used. It may be 2| x 2| X f . 

(4) To determine the thickness of the web, the number of rivets 
necessary in the web covers, the size of these covers, and whether 
stiffeners are necessary. 

The web may be in 3 lengths, so that there will be a cover plate over 
the vertical joints at a distance on each side of the centre of, say 5 ft. 

The web being of uniform thickness, it vnll be sufficient to determine 
the thickness of web necessary at the piers, where the shearing stress is 
greatest. 

The shearing stress here is 7 tons, and as there are two rivet holes in 
the web, its depth to resist shearing is 21 — 2 x -}^ inches =19* 75 inches. 

Let it be assumed that the shearing stress is equally distributed over 
the web (Stress in Beams, p. 27,) and call the thickness t. 

Then for shearing, 1975 < x 5 tons = 7 tons 

7 . 

t = -PTTT-:^ inch, an impossible thickness. 

98*75 



The wehe mnst each have, then, the minimam thickoera, i.e. J inoL^ 
It is however, necessary to determine how man j- rivets are Decessaiy 
to canrey the sheflring Btress from the web into the cover. 

The shearing stress at 5 feet from tho centre = «.■ X 6 = -Jf tong X 5 

= Jif tons = ^$ tons on each web {Slre$t in Beams, p. 20.) 
Let n be the number of rivets neecssarj for shearing or bearing 
reaistatice. 

Then for shearing, n x (}f)' x — X 5 tons = if tons. 

^K ivhence n ^ 1 barely. J 

^B For bearing surface, n x -JJ* X J' x 7 tona = fj t«ne. H 

^F whence » = 103. ^ 

In order to make the cover lie elose to the web, two rivets are necea- 
Barj on each side of the vertical joint, a^ shewn in Fiy. 18. The cover 
may be the same thickness as the web, or, as there is but one cover 
on each wob a little thicker, say i^. 

The width of the cover mnst hti enongh to allow of the rivet holes 
being punched both in the plates and in the cover (Pt'j. 18), J^' ™.'^'''i^™« 
but it will be better to say 5 inches and make the rivets range with 
those in the angle iroua. — - - - . » 



^.Ift 



mg.i»!. . 



' ,1'^ : 

OJO : 



It is evidmily umeceBaary to enquire whel^ier liw two additional 
holes in the ireb render it tmable to reeiat the a h ea ring Btrees at this 
section, its t.binlmwui being bo mnch in excess of that vhicii is necessarf. 

To determine if >tiffeners are neoenswy. 

The shearing^streBB being greatest at the piers, and the web Tmiform 
in tfaicknesB, if stifieners are necessary at all, they will be required at 
the piers. 

The shearing stress at the piers is 7 tons, which is carried on two 
weba 19'75 inches in height after deducting tkhe rivet holes. 

Then the stress on 1 inch in height of each web is — — - tons, and 

as the web is I inch thick, the atress per sqoare inch = ^^ tons = 

■^ ton nearly. 

It has been shewn that the vertical and horizontal Bhearing streeses 
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haying equal intensities may be resolved into two stresses of the same 
intensity, one a tension, and the other a thrust, acting at angles of 45® 
with the horizontal and at right angles to one another, and that the web 
tends to buckle under the thrust. 

S 
The intensity of the thrust - {Tension and dmipression BarSj p. 86) 

most not exceed what the material can safely bear, i.e., f^ -7- Oh~<*t-) 

p 
In this case ^ = 1^ ton. 

/^ = 4 tons. 

A = J^ inch, 
and 2 is unknown, 

whence { = 29 inches, 2 being measured between the angle irons at an 
angle of 45®. 

The distance between the angle irons vertically being 15 inches {Fig. 
18) the distance measured at an angle of 45® is 21 inches, so that' no 
stiffeners are necessary. 

(5) The number of rivets necessary to connect the angle irons with 
the web and with the plates of the flanges. 

It is usual to assume {StresB in BeamSy p. 27), that the shearing 
stress is uniformly distributed over the web, and to calculate the 
number of rivets on this assumption. 

Then, as the riveting is to be uniform throughout, it will be sufficient 
to determine the number of rivets necessary at the pier where the 
shearing stress is greatest. 

At the pier, th6 shearing stress = 7 tons, and the web is 21 inches 
high ; so that, on one foot in height of the two webs, the shearing stress 
= -1^ X 7 tons = 4 tons or 2 tons on each web. 

The horizontal shearing stress, which tends to shear the rivets con- 
necting the angle irons with the web, is equal to this ; and hence, if n 
be the number per foot run of web, 

For shear, n x ^ x {{%)* X 5 tons = 2 tons. 

^ n=z 1-3. 

For bearing surface, n x \% x ^ x 7 tons = 2 tons. 

n = 2 nearly. 

Rivets at 6* pitch will give the number required; and as the 
plate is thicker than the web, and there is the same shearing stress, 
it is evident that this number of rivets will be enough to connect 
the plate and angle iron. The actual depth of the girder will be 21*5 
inches, the additional '5 inch beine the distance from the centres of 
.figure of the flanges to the outside of the beam. 

The girder may now be designed, as shown in Plate I. the rivets 
being so arranered that each can be rivetted up in the following order. 

The lower flange, with angle irons and cover plates, is first rivetted 
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np; then the webs are put together and connected with the lower flange; 
then the angle irona for the top flang« are rivetted to the webe ; ard 
finally, the plates of the top flange are put together, and coanected with 
the webs, the last rows of rivets being thuse connecting the top plates 
with the angle irons, 

Plate I. shews the rivets at 3" pitch in the covers, and fl" pitch clear 
of the cOYora. If the pitch were made 4" throughout, the work would 
look bettor, bnt it would increase the namber of rivets, and thereby the 
amount of work as well as lengthen the covers. 

The centre row of rivets in the plates esists only at the covers, and 
in calculating the eentre section (p. 121) the centre rivet hole might 
be left oat of consideration, there being no cover there, but as tbe 
girder is to be a beam of uniform eeetutn, it la more oorreot to ea^igMe 
it to te pmntt, 

A donble line, of narrow gauge railway il t6 1» Okrried orte s Hmk 
opening of 62 feet, tlie effective span, or ■jwn from oeatn to ocotbre of 
bearinga is to be 6tJ feet, and the total leogtil 70 faat 

The bridge is to be of the form shewn in Pbfa XL VhB nSi ue t6 
be carried on lougitadinal timbers, 12" x 6^ (vliidL Hfl aot to betafam 
into account as affording any strength td tiw Wdgs); I^Me tunben 
resting on longitudinal iron beams, whlcb In tnu an (mrn«d oa, and 
rivetted to cross beams at central intervab of ^'V. 

Tbe oroM. 'betas rest on Um Innr flwgm, u£i we rmMad to th« 
mh kdA stiffensrs of tlie main giidNS. 

The platform between the longitudinals, cross beams, and main 
' girders consists of ^ inch plates, on whioh ballast, having an average 
Uiiokness of 4 inches, is laid. 

The rolling load on the bridge may be taken at 1} tons per foot run 
for each line of way. 

The working resistances, taking the live load as if it were an equi- 
valent dead load, are to be as follows : 
In tension 
„ compression 4 
„ shearing 4 
On hearing somces 5 
The main girders are to be placed on lead on Uie piers, and are not 
to be bstened in any way. 



5 tons^ 
a5 „ ; 



The width of the bridge is determined by the Board of Trade Rules, 
which are as follows : 

" £ule 15. — No standing work shoald be nearer to the side of the 
widest carriage in ose on the line than 2 feet 4 inches at any point 
between the level of 2 feet 6 inches above the rails and the level of the 
npper parts of the higbtst carriage doors. This applies to all arches, 
abntments, piers, snpports, girders, tunnels, bridges, roob, walls, posts. 
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tanks, signals, fences, and other works, and to all projections at the side 
of a railway constmcted to any gange." 

*' Rule 16. The intervals between adjacent lines of rails, or between 
lines of rails and sidings, should not be less than 6 feet." 

The condition that the longitudinal sleepers carrying the rails are not 
to be taken into account as affording any strength to the bridge is 
necessary from the consideration, that these timbers may and probably 
will be renewed by men knowing nothing of their functions as part of 
the bridge, and consequently if relied on for strength, their repair may 
involve the safety of tiie bridge. (U.LBM,, p. 64.) 

The distance apart of the cross beams has been selected as being 
suitable to make a stiff platform. It would be cheaper to put them 
farther apart, but the longitudinals would then have to be stronger. 
This distance, or any distance up to about 7 or 8 feet has the ad- 
vantage of ensuring that only one driving wheel of an engine can come 
on the longitudinals at one time. Cross beams are sometimes put as 
far apart as 12 or 14 feet. 

The curved form adopted for the plates of the platform is for the 
purpose of drainage, and a row of small holes should be punched at 
the bottom of the curve and provision made for carrying off the water. 

The rolling load on the bridge is that used ordinarily in calculations 
for bridges of this length. {Foot Note, p. 69). The working resist- 
ances are in accordance with ordinary practice, and do not exceed the 
limit laid down in the Board of Trade Rules. 

*' Rule 11. In a wrought-iron bridge the greatest load which can 
be brought upon it, added to the weight of the super-structure, should 
not produce a greater strain on any part of the material than five tons 
per square inch. 

The heaviest engines in use on railways afford a measure of the 
greatest moving loads to which a bridge can be subjected. These 
rules apply equally to the main and the transverse girders. The latter 
should be so proportioned as to carry the heaviest weights on the 
driving wheels of locomotive engines." 

THE LONGITUDINAL BEAMS. 

These girders have a span of 5*5 feet. 

They are rivetted at the ends to the cross beams, and are in the 
condition of " imperfectly " fixed beams. It is not generally possible 
to '* fix " them absolutely, as there is not room for the requisite number 
of rivets. 

The flanges of these beams are, however, really stronger than they 
are calculated to be, and this is a good provision, because the rolling 
load, which constitutes nearly the whole load on them, comes on very 
suddenly and produces actually a much greater intensity of stress, (it 
approacnes twice the intensity, B.G.E,, p. 278), than that at which 
they are calculated, an effect which is also produced on the cross 
beams but not to nearly the same extent on the main girders. 
(JT.LB.E. p. 35), 




The dead load on them coDsists of 5'5feet ran of ni^ jnftSOIlMh* 
to the yard mcluding fasteninga, 5'5 feet ran of tonhar JOp >< fi^** 
40 Iba. per foot cube, aboat 25 feet euper of J" plide, W«tM \^1r si 
ballast at 93 Iba. to the cubic foot, and tlnallj th«ir own wiif^it. 

The lire load conaiats of the weight on one driving iAnl,n,j 7 toB^ 
applied aa a Bitiglc concentrated load, which will pmdmM tiw gTMAeafe 
direct atreeses when it is at the centre of the 1 
greatest shoaring BtresB when it is just clear o 
coming on, or going oft the longitudinal. 

Although the ratio of the live to the dead I 
great, that the latter might be neglected withont m_ 
weight of the longitudinals is hero approximate detanninad ior titv 
sake of illustration, by the fbrmnla given by Mr. -Dinrin. {EFJISJKi, 

Tban W B 147Ibi. + llOIIa. -I- iBOJim, + 775 Hm^ > 1282 Hm. / 
B-S7tau+7ton>MBlrri^l4r67tnMnnttn»lrdiatrilmtod. 
Wi Kwtifdit of kmgHuJmii in tout. 

rB6'5.BintM> of Inigtn to dgpHh. 

O=b1600. (0 nriMfor nnaU wxauOA baa plito cirien from 
1400 to 1600). 

■nMBW-V^'-- ][*'''^X^*'*^* — ff7gttmi.ntcb. 
' e«-ir 1500X*— fi-6xT8 wow™,fl«Q, 

vlenoe total disbibated Io(td=14-64S tonB=*222 tons per incli ran o{ 

length. 

The Flanges. 

For the tension flange at the centre. {Slreu in Beams, p. 7.) 
— ^— =/^ xAxd, all in tons and inches. 

whence A=2 aqosre inchee, effecfdre section of tension flange. 

For the campression flange, the gross section will be { of the effeo- 
tive Bectiou of tiie tension flange, or 2^ aqnare inches. 

Taking two angle irons and a web for the section, 




■ 1Q M Mill*, par jtiA ran sulnalT* of duln ud 
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making tbe angle irons 2^" x 2^" x -j^", and assuming the riyets at f ", 
A=2 (5— j^— f) -5^=2*5 square inches which is enough; 
and for the compression flange, 

A|=2 (5 — iV) A = 2*93 square inches, -which is more than enough. 

The flanges will therefore be made similar. 

The Web. 

The greatest shearing stress is close to the ends and = 7'32 tons when 
the driving wheel of the engine is either just coming on or rolling off. 

The web must be thick enough to fulfil three conditions, viz. : it 
must have sufficient metal in it to resist the horizontal shearing along 
the joint of the web with the ang:le irons and the vertical shearing after 
deducting the metal lost by the rivet holes ; and it must be thick enough 
not to buckle under the thrust in the manner described at p. 116. 

The shearing stress per foot in height of the web at the piers is 7*32 
tons, the web being 1 foot high, and the horizontal shearing stress along 
the joints of the web with the flanges is the same per foot run of length. 

Assuming the rivets at | inch diameter, calling the number of rivets 
to resist shear, n, and recollecting that each rivet shears in two sections 
(Fig. 21). 

n X 2 X ~ X (1)2 X 4 tons = 7*32 tons 
4 

whence n = 2. 
Fig, 21. 




Zi'^Zi'y^A' 



Assuming the web at f inch in thicKnesa, and calling the number of 
J inch rivets necessary for bearing area, w*, 

m X I" X |"x 5 tons = 7-32 tons, 
wlience rii = 5*2 

This is an inconvenient number, so that the web must cither b.^ 
thickened, or tlie rivets enlarged, or both. 
Make the web \ inch. 

Then 

m X f X I'' = 7-32 tons, 
and ra = 39, say 4. 

This gives the pitch of the rivets as 3 inches, and there will remain, 
after deducting the rivet holes (12 — 4 x |),| = 4»5 inches solid metal 
to resist the shear, which is evidently more than enough. 

This thickness, and this arrangement of rivets meet tlie case, and it 
remains to see whether tliere is any danger of buckling. 



uo 



waumsm. aaiswat mtam^ 



The deiir drntenee bebreen tibe ugle^iims is 7 ]iidiiB» ^bm tlmr on 
one foot IB height oi tiie web^is 7'82 toiifly whkli im equal, the .web 
haTiog 4'5 square inchee of irony to I'GS.toaui on the mpmte inoh. 

Thel3iriistetia«Bgleof 46^haB^t^^ intenetlf^yWl 

in-order that babUing maj not ooeari it must not be greater thaaa a 

long oohram, of a lengtih 7 ^ inehesi and a least dimensioii otj^ indi, 
oaa beariritti safely. 

The intsnsi^ of stress whidh sndi a oolnnm oan sslefy bear si men 
by the nght side of the eqnation {Temiom amd Ompfmmom Soti, 
p. 86), vis. : 

A4-(l + a^,iffaidiin«hiscase« iJ^SL— sS-fiStona. 



1 + 



1 98 
5555 T 



so liirt;#iere is no Asigeir of bneUing. 

The Beieetion. 

U il» bSSm be regarded as siqvported at iiie endsi and loadsi »1k 
oentre, and to be woridng under stimses of 7*5 and 6 tons re s ueetivjp ljf 
in oonseqnenoe ci the suddenness of> the appiioatbn of the\)ad,'lhe 
defleetfon will be giren hy formula 16 {DtflHim t^BeamM^ p. 87). 

ia\ ♦18,000,000x12 ^™^ , 

wfaieli wonld be reduced (JKwd J^iEMM^ p. S8), to 
"fixing'* were obmplete. 

The weight (^ the beam. 

The section and elevation of the beam maj now be drawn, and its 
weight calculated as below. It wonld make sounder work to put covers 
at the points A, A, instead of cranking the angle iron, as the weld in 
the latter method is very apt to injure the iron. 

Fig. 22. 




f'rufeir ypiJUh 




The extra \\ inch in depth is given bv the distance fix>m the centre 
of figure of the flanges to the outsides of the beam. 
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The weight is as follows : 

2 X 13 feet, 2^" x 2^" x i^, angle irons 

5-5'xl5i!xi* ,web 



125 lbs. 
124,, 

1 04 rivet heads, each -ff ^ i'' ^ong, i", round iron = 12 



12 



If 



261 lbs. =-116 ton. 

or the actual weight is considerably greater than that given hj the 
formula. The difference, however, is not enough to make recalcu- 
lation necessarv. 

The connection of the longitudinal with the cross beam hj rivets 
will be given after the thickness of the web of the latter is determined. 

NoTB.— In very small beami, snch as these, the area of the web bears so large a ratio to the 
whole section, that this method ox oalcalation underestimates materially their transrerse strength. 
In snch beams, intended for a dead load, it is more aooorate and quite proper to treat them in 
the same way as the rolled wrought iron beam, given at p. 78, oare being taken to deduct the 
metal in tiie riyet hcdes for the parts in tension, in calculating the value of the Moment of 
Inertia, L It is, perhaps, better to calculate small railway beams in the less accurate manner, 
becaose hy so doing* a rough comi>ensation is aflbrded for the sudden application of the load, 

THE CROSS BEAMS. 

These beams maj be either in the condition of beams " supported 
only at the ends," " imperfectly fixed," or " fixed," according to the 
manner in which they ore connected with the main girders. 

If they merely rest on the lower flange without having their ends 
rivetted to the web or stiffeners of the main girder (Fig. 23), they are 
nearly free to bend as a *' supported " beam bends ; but this is unusual, 
although it strains the stiffener of the main girder less, and is therefore 
better for the main girder. It is more common to see them rivetted 
firmly to the web (Fig. 24), and stiffeners of the main girder, and 
sometimes the connection is made more complete b^ gusset pieces 
(Fig, 25). In this case they are beams nearly perfectly fixed at the 
ends, the only defect from perfect fixing being due to the possible 
lateral bending of the stiffeners, which cannot be great. 

If they are suspended to the under side (Fig, 26), or rest on the top 
of the main girders (Fig. 27), being rivetted to the flanges, they are 
perfectly " fixed " beams. 
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It u ousiomaiT ((> design them u if tiiflj wAie " nniortod obIj, " <3ie 
awAum o£ thdr mutew or their depth heintr redvoed inna the oentra to 
the ends. But, if tnej an reallj "fixed" beuoe, it mnld enrel; be 
better to desgn tbem,ae moh, in whioh eaae, as the section of greatest 
~ streaa is at lite ends, the qnanjitf oi atatal in the flangesi or tiie depth, 
should be greatoat then, and the ledaotion, if any, uonld be towarda 
the centre. 

MoreoTPr, as the load is raJly i^mlied "suddenly" and therefbre 
prodnci's at firet a greater Btreen than the same amonnt of load 
gradually applied wmild produce, it 'would seem pmdent to alloir for 
this by malti plying il by Bome factor to reduce it to dead load, and 
tluG would perhaps l><j met by a fiuitor of 11. 

In this Example tlio doss Mama ^re woriced out by both me&oda. 

To design the orbas baama eooording to ordinary practice. 

Thfir maximniu !<j:ii:l cnnsist<j i^ four loads ^mmetrioally plaoed, 
into on each side of the centiv, f nob consiitiiw w the ireigM on one_ 
driving wbeel of an engine, added to tiie idaa on aaoh longitndinal ; 
and of the uniform load dne U) the w^^t of the beam itself. 

It simplifies the calcnlationa to ledooe theeeloads to an uniformly 
distributed equivalent load, whioh may be done, with snffioieiA 
Bccaracy, by equating the moment of flexure at the oentre of the beam 
duo to the four loads, with tlie moment of fl^nue of an uniformly 
diKtributed load, the beam in both oases being considered aa snf^Murted 
only, thus ; 

Moment of flexure of the i loads (^Strett in lieamt, p. 10} ^ 
- 2 Wi - W6 

Moment of flemre of uniform load (^Streu m Beamt, p. 7) ^ — 



and substituting the values, W= ?? tons, d=6', 7>=b', c=13', 
w;=l'37 tons per ft. mn. 

The wmght of the beam itself may be deduced as before. 

In this caseW=85 62 tons, 1=26 feet, d=ii feet, r=:12, C=1500. 

and Wi = iK^Q^^^ Q-^^]2 =*'^^^ ^"^ -^"^^ **"^ P^"* ''■ "'°=«^ 
The total value of w per ft. run =l-37+-075=1.44 tons. 

The Flanges. 

It is proposed to build the beams of the section shewn iit Fig. 28, 
one, two, or more plates being used at the centre of the beam, which 
ai'c reiluced in number towards the euda. 

The simpleat way to desij^n the flanges is partly by calculation, 
piii-tly by diagram, as follows ; 

Calculate the mnments of flexure at convenient distances, say at 
S', 5"5', 8', 106' on each side of the centre, when the whole load is on. 
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Fig. 28. 






;6 



J^ 



the direct stressea being then greatest (Stress in Beams, p. 25) and 
lay them down to a scale of parts, as in Fig, 29. 

Tne yalaes of M= — -— (c^ — x^) (Stress in, Beams, p. 7) areas follows : 

id 

when aj= 0, i.e., at the centre, M= —121*68 ft. tons. 
«= 3' M= -115-2 „ „ 

«= 5-5' M= - 99-9 

«= 8' M=: - 75.6 

aj=10-5' M= - 42-3 






Assuming the angle irons to be 3|" X 31" x \'\ and the rivets to be i'^, 
two rows of rivets in each angle iron, and two rows in each plate, the 
effective section of the angle irons of the tension flange is 5^ sq. ins. 

The moment of resistance of these angle irons is 

ff' (depth) X V" (area) x 5 ton8=56-875 ft. tons, 
which is constant throughout the beam. 

Fig. 29. 




Seftlt of buoK^^feel loluuk. Seals ofjtcarii^ldoft. Ions to 1 iruh. 

Set off on AB (Fig. 29), AD to represent 56875 ft. tons, and draw 
D E parallel to A C ; then D B represents the moment of resistance 
which the plates must furnish at the centre, and the ordinate between 
D E and F B anywhere gives the moment of resistance to be furnished 
by the plates at that section. 

As this ordinate has no value at F, it is clear that no plate is required 
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order to muke soand work. 

Let there be two plate* at the centre of the girder, then ench supplies 
half of the moment of resistance still wanting. Bisect D B in G, and 
draw G H parallel to A C. Then it is evident that one of the platea 
becomes nnnecesfiary at H, where the moment of resistance of the angle 
irons, and oue plate axe together equal to the moment of flexure. 

Let tbo plates Ije made ^ ' wide and let ( be their thickness. Then in 
the tension flange the effective section of each is (8 — y) (and the 
moment of resistance of each ia 

y i X 5 Ions X ?i feet = 67-7/ ft. tons. (1) 

and the moment of flexure at the centre which each has to meet is 

l?r-Ti?=33ft.ton3. (2) 

_L Equating (I) and (2) ( = ■49', the nearest thickness to which is^ 
The tension flange will therefore have two i lates at the centre and for 
6'5 feet on each side, and one pint* from these points to the end. It 
might be better to liave three plates at the centre, and drop the iirst 
at K, and tlie second at L; bnt .^g^" plates wonld give hardly enough 
section, while -^g" would give too mnch. 

In the compression flange, the effective section of the angle irons is 
the erosB section, but the metal has a lower working resistaQce. 
Tfie moment of resietance of the angle irons ia 

^^ X 7" X 4 tons = 60-66 ft. tons, 
which ia rather greater than in the tension flange. 

Taking two plates aa before, each has a moment of resiBtance of 
Hxt X J-IJ'x 'Itons = {ie/ft. tons. (3) 

and the moment of Sexnre which each has to meet ia 

122- 61 _ g(j.5 jj^ ^^^ ^^y 

Eqoating. (8) and (4) t =: '46*, to which the neareet thicknesa of plate 

The two flanges may (iierefbre be made alilce. 
The Web. 

The graatest shearing streaa ia at the ends of the beam, when the 
load is fnlly on, and then it eqnala ^^„*^ = 1872 tons. 

The shearing stress per ft. in height of the web 
_ 1872 X 12 _ 

26 8-64 tons, 

which equals the shearing strees per ft. mn along the joints of the web 
with the angle irons. 

Aasnming the rivets at i" diuneter, calling the ntimber of rivets 
neoeesarr to resist shear, n, and reoollecting that each rivet shears in 
two sections {Fig. 21). 

iix2x^ x(i)*x4ton8 = 8-64ton8. 
wbenoeitBl'S. 
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Assuming the web at |" in thickneBS, and calling the number of 
rivets necessary for bearing area, m, 

m X i" X f" X 5 tons = 8-64 tons 
whence m =4, wluch is a convenient number. 

To see if there is enough metal in the web to resist shear. 
•Assume 4 rivets per ft. run in height, the metal remaining is (12— 
,4 X Y) X ^'' =y" square inches which is capable of resisting a shear 
of 1 7 tons, or twice what it has to bear. 

To see if the web at the piers will be liable to buckle. 

< At the piers the shearing stress per ft. in height = 8*64 tons, which 
is spread over y square inches, so that the stress per square inch 
is 2 tons. 

The thrust at an angle of 45^ has therefore this same intensity, and 
in order that buckling may not occur it must not be greater than a 
long column of a length of 18*5 ^2 inches, and a least dimension of 
\ inch -(Tension and Comjpression Bars, p. 86) can bear with safety, i.e. 



/,-5-(l-|-a^)>2tons. 



As the left side of the equations 2*09 tons, the web will not buckle, 
and no stifEeners are necessary for the part of the web which is ^'' thick, 

If the web be made in 3 lengths, say two 10 ft. lengths, and a centre 
length of 6 ft., the shearing stress on the centre length being very 
smedl, it may be reduced probably to i" thick. 

The shearing stress on the centre part is greatest at one end of it, 
when the rails at the other end of it only are loaded, i.e. when only one 
train is on. 

In this case the shearing stress may be represented graphically, as 
in Fig. 30. 

F^. 30. 



M £pn#.J^# 



JJ^Cfrumfn^C 



! 







The maximum shear on the centre length of the web is only 4*67 
tons, and calculating as for the other lengths it is found that ^ plate 
is barely sufficient for it. It should be made -^''. 

On these calculations the sections and elevation of the cross beam 
will be as shewn in Fig 31. and it remains to calculate the various 
connections. 



JV-U- 
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The ConnectioQS. 

It will be convenient to }iav« the second plaU flC &• fliann in <bi6 
length, i.e. 13 feet and the other plate in thret- pK^ iAi(£ •HKb a 
joiut M the centre, where the direct stress is gi-e^AHt. 

Bj making each lower end plate lO-i^ft,. long.itwiF 
to tnm np at the end, meeting the upper flange Kk ttf 

Vor tta ooTV tMb ak 5 ft from llie oaBtrs. 

-MhTrS toiM,iriiidhbUnnv»l7ae*i4^na«,wdaM two pUsM 
in prapDition to their aectnna, »^^ h V< V< Vi "» ti>*^ ^^''b P^*^ 

has on it 12'85 tons. 

Then to carry this etreas across the joint in the tension flange, if n 
be the nnmber of riTsts oeceBsary to resist shearing, 

w X ' X ( J)» X 4 tons = 12-85 tons, 
whence n=5-4or3 rows on each side of the joint; and for bearii^; area, 

mx^" X ^'x 5 tons=12'85 tons, 
whence in^6 nearly or 3 rows. 

Taking 3 rows and the pitch as 3', the length of the ooyer plate will 
he abont 18" inches, and it may be \" or ^' thick. 

The same cover plate is foond to answer for the oompreasion flange 
(see note on covers of main girder) . 

The Wrappers. 

No wrappers will be required, as it is easy to get angle irons 28 
feet long, and there will be no joint except at the ends, where a 
wrapper is not necesBary. 

The nomber of rivets to connect the angle irons and plates. 
The horizontal shear is greatest at the ends, and has already been 
shewn to be, at those points, 8' 7 tonn per foot ran of length, 
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Then for shearing, 

n X I X (ly X 4> tons=8-7, 

whenc3 n=3'6, 
and as there are two rows, 2 per foot run will be enough. 
For bearing area, m x J" x ^* x 5 tons =8*7 tons, 

whence ?n=4, or as there are two rows, 2 per foot run will suffice. 

The Covers to the Joints in ihe Web. 

Xhe covers to the two joints in the web, may be the ends of the 
longitudinals, and the number of rivets to connect the longitudinals 
and cross beams may now be determined. 

They have to resist a shear of 7*32 tons. 

Taking them as |" diameter ; 

To resist shear, n x ~ x (|)^x4 tons=7-32 tons. 

•« 

whence ?j=3. 

For bearing area, m x I" x |" x 5 tons =7*32 tons, 

whence tw=:3*3, 

80 that 4 rivets, or two in each angle iron will suffice. 

The Deflection. 

As the beam is nearly a beam of uniform strength and breadth, 
uniformly loaded, the deflection including camber is given by formula 
15, (Deflection of Beams, p. 37). 

y ^ n" (/; -f /J c» 

Eh, 

•5708x9x2240x1562 . ^^ . , 
= — ^^^^ — =-598 mches. 

18,000,000x26 
The deflection would really be more than this, owing to the actual 
sudden application of the load, probably about -} more. 

Weight of Beam. 

The cross l»eam mavnow be drawn and its weight calculated. 
Centre plates 2 X 13' X 8" x -^" ) 

Other plates 2 x 30*4' x 8" x ^" > 62 feet super, at 20 lbs.= 1240 lbs. 
Cover8 2x2xl9"x8"xi" ) 
Angle irons 2 X 2 x 304' x 3f x 3|" x ^"=70iV^eet super. 

at 2U lbs. =1415 lbs 
Web plates 2 x 10' x 2'-2'' x J'' = 43 ^\- feet super, at 20 lbs. = 867 lbs 

„ „ 1 X 6' X 2' 2" X -iV''=13 feet super, at 12-5 lbs. = 163 lbs. 
Packing 2 x 8'-2" x 3|" x i'o''=*V2 ^eet super, at 7*5 lbs. = 38 lbs. 
Rivet heads,1332 x |" x i-^^, of I" round iron = 227 lbs. 

3952. lbs. 
The Cross Beam considered as "fixed." 
In this case the calculations will be as follows: 

The Flanges. 

The Moment of Flexure at any vevtical section is obtained by steps 
similar to those given in full, in Fixed Heams, p. 52. 
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and as? (Iv^-t-a)*— 10^-. <1-Iv^\Bwhidi niaj 1^ P^^ ^^ ealoalntioil 
in ft* form 1^(i-2 + ij) 




ip i 



Wlwn osO, tA, at tbe end of ttw beam, U: 
•« 2-5' H: 

' •» 1^ M> 

c» 7-5' Ha 

•BKy Ms 

maslif, i»., lit tii(t cmtn^ Ifs 

f^. 88. * 

r- 1 -- 



+88' „• „ 
-18-78 „ „ 
-40-66 „ „ 







Laying this down to scale as before (p. 133), the curve of moments is 
given hj KLM (Fig, 83), and setting off C N and A O, each equal to 
the moment of resistance of the angle irons, i.e., 57 ft. tons, it is seen 
that when the maximum load is on, no plates are required except at a 
very small distance, about 2 feet, at the ends. 

The stresses are somewhat different, when only one train is on the 
bridge, but they are then much smaller, and they are different only 
about the point of contra flexure {Fixed Beams, p. 52), i.e., about L, 
which then approaches nearer to G, and it is evident that the angle 
irons alone are more than sufficient to meet any change in the stress 
here. 

The thickness of the plate at the ends must be enough to take up 
8M2-57=:2412 ft. tons. 

The effective breadth is (8— y) inches, and the moment of resis- 
tance (as before, p. 134)=67'7<ft. tons. 

whence t =-^y = •36*=-^* nearly, 

and the beam might be made uniform in section, the flanges consisting 
of two angles and one -^'^ plate. 

The Web. 

The web would be the same as for the beam " supported only,** the 
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ahenriiig strera on the ends being the same, wbilo the mazimnm shear- 
ing stress on the centre length is nearly the same in both cases. 

The Deflection. 

The deflection would be given by the formula {Fixed BeamSj p. 56). 

lading I bj the method already explained (Boiled Wrought Iron 
Beamsy p. 79, 80), recollecting to leave out the metal lost by ihe rivet 
hole^ in the parts in tension, and working out, y='13 inch, 

Bnt this makes no allowance for the actual efiect of the quickly 
rolling load. 

If allowance be made for this, as already suggested (p. 182), the load 
will be 2 tons per ft. run, and the curve of moments as derived from 

the formula, M=— (Zv^+ar)-— w; ( o '^^'^ ) * ^^^ ^ ^^ shewn in 

Fig. 34. 

Fiij. 34. 




••5'- ->!• W- *« 3-a- 

« * I I 

SealB €^ beam/ ifted tclmth. Seai^ ofparls^jeoft. t^nj dfjiiuh 
where, when «= 0, M = -♦-112-66 ft. tons. 

a!= 2-6', „ =+• 53-90 „ 



= + 7-66 „ 

= - 2C08 „ 

= - 47-33 „ 

= - 66-31 



» 



•9 

9t 

» 



«= 6'. 

«= 7-6', „ 

»= lO*, , 

»= IS', , 

The thickness of the plate at the piers must be enough to take up 
112-66- 67=55-66 ft. tons. 

The moment of resistance of the plate as before shewn is &7'*7t ft, tons. 

whence t =^^=-82* = \i 
Fig. 35. 
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As this thickness is only Dccesani-y fur a dlGiaiice of 2 ivet from tlw 
endn, it will be best to put one j" |i1at« rnnoiue through, aod to maks 
up the necesaiir; thlckuesB for about 18 inches at the ends wibh-j^' plateo. 

{ty. 3&.) 

The two flnngos may bo made Biniilar. 

The web should aUo be iiioroasQd in thicknoss in proportion bt 
inoreaeed load, i.e., from ^" to $" at the ends, and from yV ^u '^^" at ths 
centre, and the rirots shonld be CHlculated. 

Tbe deflootioQ will now be eomcwbat f^eater than before, the beam 
not bein^ a beam of uniform section, bat approacliiiig a " tixed" bean 
of oiiiform strength. 

THX KAIN-OntDBRS. 
The kkd on A» main girden oonmiti of the plttfeim, ths itAing 
lottd, ud tknr <nm wa^ht) vhioh mi; iH be likaa ■■ imiibnmlj 
diBbnbnted. 

There are 11 oreea beema, mrejiag 40 longitndinU Mid 8 mora lonoi- 
tudinale ,(4 longitaditiali et eeoa end) half of whioh »re owned on tbe 
Croat beeme mating direotlj' on tiie beeringa; and thve i> also 66 ft. of 
platform tm eaoh aide, 2'6' wide, boma diraotly on tbe mam girder. 
Tbe load ia aa fidlowa : 

4i longitndimla =44 x -166 ton = fi-lOAtcwa. 

Hetfonn reating <m ditto =Mx -57 „ s=S5-08 „ 
Uoroaabaras =11x1-755 „ =:19-805 „ 

8x6VpUtft»m8-5'wide±380'8ai>er.x411ba. = 6-M „ 

55629 „ 
The rolling load is 66 X 2 X IJ tona=165 tons. 
Total load exclusive of maiu girdtrs=220-5 ton3=:W. Then from 
the torronla previously used (p. 12^), the symbols Lanog the same 



W,= 



Wlr 



221 X 



xl2 



Ve-lr ~1500x4-66'xl2' 



=33'6 tons or 16'8 tons each. 



Hence tbe total dead load on one girder is 446 tons. 
„ rolling load „ „ 825 tons, 

tiie weight per fl. mn of dead load is '68 ton8=io 
„ „ rolling load 1'25 tons^Wg 

II II rolling and dead 1 ■, n,,. 

It is proposed to make these gliders of the form shewn in Fig. I 
Mg. 36. 



I^IT' 



ijj^ 



SXAMPLE. RAILWAT BRIUOB. 



141 



The Planges or Bcx)xn8. 

As the greatest stress is prodacod in the flanged when the girder is 
fally loaded, it is only necessary to deal with this condition of the load. 

Calcnlate the Moments of Flexure (Stress in Beams, p. 11) at intervals 
of, say, 5'5' along the girder, and lay them down to scale, as in Fig. 37. 



Flij. 37. 
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=1021-7 
= 9341 
= 788-1 
= 583-8 
= 321- 1 
= 0-0 



Then, when «= 0, i.e., at the centre, M =!fl^r.^= 1050-8 ft. tons. 

a!=5-6 
aj=ll 

ar=16-5 
aj=22 
aj=27-5 

fl;=33, i.e., at the end 
Assuming the angle irons to he 4^" x 4^" x |", the rivets for safe 
punching should be about f'x 1|, say J" diameter. 

For the tension flange, the effective section, deducting rivet holes 
is 2 (6| X f )=8-28 sq. inches. 

The moment of resistance of the angle irons is 

8-28" X 6-5 ft. (effective depth) x 5 tons=227-7 foot tons. 
Set this off on Fig 37, and draw the horizontal line C D ; then the 
ordinates between the line C D and the curve give, at every point, the 
moment of resistance to be supplied by the plates. 

If the tension boom be made 1\)" wide, i.e., about -^ of the spun, 
with 4 rows of J" rivets across it, the effective section will be 
(19— 4x I) inchest X /=15'5 inches x /, ^ being the total thickness of 
the plates at the centre, and the moment of resistance of the plates 
will be 

15-5/ X 5-5 ft. X 5 tons=426-25< ft. tons. (1) 

The moment of resistance required is 1050*8 — 2277 = 8231 ft. 
tons (2) 

whence ^=1*93 inches. 

Let it be determined to use four half-inch plates, which is rather more 
than is necessary. 

Divide C E into 4 equal parts in F,G,H, and draw FT, GK, HL. 
Then the points where these lines cut the curve B D E are the points 
in the girder where the plates may be dropped. 

The Compression Flange. 

The gross section of the angle irons is 10'47 sq. inches, and their 
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moment of resUlance h 10-4" x 6'-'i ft. X i tons=230-34 ft. tons, or 
nearly tlie eame ts (Vir tlie tension flaoge, 

AsNQming the tliickness at 2 inches, and calling h^ the total breadth, 
Uid pioceediog aa for the lonsion Bung's, 

6, x2"x5-6 feetxi toiiH=1050-8-230-3=820-5 ft. tons, 
whence 6,=18*66 inchee. 

The eompreesion flange, for the sake of nuiformity, may he made 
19 inches wide. It would be t>ftter, in order fo gniird iigainat bockling 
ffideways, to mako it broader, say 21 incbca, and recalculate, increiising 
for the sake of uniformity, the width of the teuxion flange also. 

As the point D iu Ggnre is practically the same for both flanges, the 
plates may be dropped in both at the same distancua from the centre. 

The Web. 

The shearing streas being greatest at the piers, and diminishing to a 
comparatively small force at the centre, the web may be reduced , 
towards the centre, but it must be thick enough ; let, to give a 
sufficient bearing area upon the rivets connecting it with the an(;le 
irona. 2nd, to have enough metal in it after deducting the rivet faolea 
connecting it with the stiSenera to resist shearing throngh the line of 
these holes. 3rd, to resist buckling without incurring the cost of 
. putting in a great many atlffeners. 

To aacertain the shearing stress, say at distances of 5'S ft. along the 
.girder. 

The ahe&ring stress dne to the dead load ia ahewn (Streat in Beams, 
p. 20) to be UJ J, where iw ia the weight per unit ot length nnd x any 
distance from the centre of the girder. In thia case w='68 tons. 

The maximnm shearing stress due to the rolling load (taken as 
Dsiform per unit of length) occnrs at any section, when the longer of 
the two parts into which the section divides the girder is fully loaded, 
and the other not loaded at all {^Strett in Beamt, p. 21 and 27). 

Then by Bnle 2 (Ntrew m £sam«, p. 18), the maximum shearing 
EtresB eqnals the reaction at the nearest pier, which (f^. S8) is 

v\ being the weight per unit of length of the rolling load. 
Fig. 88. 
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(c-ha^y 



4c 



The total shear, F, is therefore tpx+Wy 

Substituting different values of x, 

when 07= 0, f.6., at the centre, F=10'31 tons. 



a;= 5.5 

«=11 

x=l6'b 

ar=22 

a=27-5 

jj=33, 



i.e., at the end 



,,=1777 
„ =25-81 
,,=34-42 
„ =43 68 
,,=53-36 
=C3 63 



>» 






This may also be done conveniently by diagram. 
Make AB {t^ig. 39) on any scale to represent the girder ; and on any 
scale of parts make BC, AD each equal to half the dead load on the 

Fig. 39. 




girder, t.0., 22*3 tons. Join CD. On the same scale make BE eqaal to 
half the mazimom rolling load on the girder, i.e.y 41*25 tons. Describe 
a parabola having its apex at A, touching AB, and passing through E. 
Then the vertical between CD and the curve EA, represents at any 
section the maximum shearing stress occurring from the entty of the 
train on to the bridge at A, until it covers the whole bridge. As the 
train rolls off the bridge, the ordinate between the parabola BF and the 
line CD gives the maximum shearing stress. 

If the length of BE be taken not greater than \ BA, the curve may 
be drawn as a circle, as in that case the parabola and circle agree nearly 
enough for the purpose of calculation. 

To determine the thickness of web at distances 5*5' along the girder 
necessary to give sufficient bearing area on the rivets connecting it 
with the angle irons. 

Assume 4 rivets per foot ran in length, all along the girder. 

Then as the shearing stress is greatest at the piers, it is only neces- 
sary to enquire whether 4 rivets are enough to resist shearing at the 
piers. 

68*69 
The shearing stress here is 63*69 tons; which gives - -= 11*6 

5*0 
tona per ft. of height of web ; and the horizontal shearing stress is the 
same. 



Therefore, calling the nnmber of rive's to reoiet elicar, n, imd rt-L'ol- 
lectiug that each mast shear on twcr snrfaces, 

n X 2 (eurfftcos) X Jx (|*)'x4i tODs=ll'G tons. 
whence n=2'4, so that 4 rivets per loot run will do. 

Call the thickaess of web neccssarjr to give stifficient bearing area, t. 
Then ( X 4 (nnmber) x |" (diam.) X 5 toiis=ll tJ^tons 
and /^■67"=^^;" uearly. 
Similarly at 55' from the piers, (:=-6t5''=3* 



110' 
16 5' 

22-0' 
275' 



■46": 






■i«;=A' 



It is not necessary to go farther, as j^" is the least thickness allow- 
able. Next, to uncertain if these thicknesses will give sufficient metal, 
after deducting the rivet holes for connecting the web irith the 
stiffeners. to resist the shear, and whether it will be necessarj' to have 
tnut« that! one intermediate stiffener between each'pair of cross Iwams. 
■There most be a stilTener at each croaa beam to recciive the load and 
distribnte it over the web. 

Let Fig- 40 represeut the elevation uf the web of half the girder 
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e at llie cpntrc A, nssiitiii' (lint it is (Ipslrdblc to hnvp only 
one intermediate stifTener, if possible, nad give the stiffeners a width of 
6' to allow room for the rivets ; then the plear horizontal space between 
the stiSeners is 27"; also, take 4 rivets per foot in height of the 
Btiffeners- 

The shearing stress at A {Fig. 40) is lO'SI tons, which gives 1'87 
tons per foot in height of web; the quantity of metal remaining, after 
deducting 4 rivet holes, is (12'— V") } ^ V square inches and the 
shearing stress per sqnare inch of metal = 1'87 x ^y = '87 tons, which 
, is safe as regards shear. 

Applying this, as already explained (p. 135) in the formnla, 
^ = /_^^ A + a^\ (Tention and Oompreation Bart, p. 86) 



whence /^25 7, 
and s= 18" 
Hence it wonid be necessary to ha 
\ web of \" plate. 



two intermediate stiueners with 
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iDcreasing the plate to ^^"^ and recalculating, it is still found that 
one intermediate stiffener will be insufficient ; and the next thickness of 
plate, viz. : f '', is found somewhat more than is necessary. 

f must, therefore be adopted, unless two intermediate stiffeners are 
used. 

Proceeding in a similar manner for the remaining' spaces, it is found 
that with one intermediate stiffener, 

In space 2 {Fig, 40) the web must be ■^^'' thick. 

>> 
»> 

» 

and in all, the quantity of metal left after punching four §" rivet holes 
per foot in height of the web is sufficient to resist shearing. 

The Dimensions of the StifEeners. 

The main stiffeners, viz. : those at the cross beams, have to receive 
half the load on one cross beam and transmit it to the web, as well as 
to carry a part of the w^ eight of the main girder 5*5' in length ; making 
a total load of about 17 tons. 

As the load is on the bottom flange, they act in tension (if it were 
on the top, they would have to be treated as pillars), and taking them 
as 6" wide to allow of two |" rivet holes being punched in them and 
in the edges of the web plates, and calling t their thickness on each side 
of the web. 

2 i (6- V) X 5 *ons = 17 tons, 
whence ^ = iV i^ch. 

It is usual to make stiff eners either with angle or X irons in order to 
stiffen the whole girder, and these stiffeners might be made of X ^^^ 
6* X 3" X f ". 

The intermediate stifleners may be 6" wide, each of the thickness of 
the web at the joint they cover. 

The stifEener over the bearing must be treated as a pillar. It has to 
resist a compression = to the shearing stress, i.e., half the total load = 
63-69 tons. 

If the least dimension be made not less than -f^ = 6^ inches, the 

pillar may be treated as a short column under compression (Tension 

and CompreasioH Bars, p. 83), and in that case wiU require a sectional 

63*69 
area = — j- =15*9 square inches, which may be got by two T irons 

6* X 8* X f . (Fig, 41.) 

A very good form for this stiffener would be as shewn in Fig, 42, i,e., 
2 angles on each side with a gusset piece between them. 

As the girder is built with a camber, and as, when it deflects under 
the load, the position of the centre of bearings alters, it is well to put 
in another stiffener at the inner end of the bearing. This is shown in 
Plate II. 
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Fig. il. 




r the Tension Flange, 



Let the plates be provisionally arranged as in Fig. 43. Then 
of the plates will be in excess ol 4 cwt. in weight, and only 3 c 
will be necessary on each side of the centre, viz. : at X, Y, Z. 
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To find the number of rows of riveta neceeeaiy to carry the stress 
over a joint in one plate, with two covers. 

There are 4 rireti in a row, and the stresa on one plate ia (19— SJ) 
X ^'' X 5 tons = 3875 tons. 
ForBhearing, 

2x4xnxjx (|)« X 4tonB = 88-75fona 
whence n = 2 rows. 
For Bearing Surface. 

4xmxSxJx5 tons=3875 tone, 
whence m = 4'4 rows. 

As the stress is really a liltle below 5 tons to the inch, owing to the 
extra thicknesa put in the plate, and as 5 tons is not a high stress for 
bearing area, 4 rows will suffice, and when there is only one joint, as 
at Z, the covers will be 8 x 3"=24' long, as in Fig. 44. 

Where there are three joints, as at T, the arrangement in given by 
equations (6) » (9), p. 109. 
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Fig. 44. 

!• , V ^'r-' i 



icri 



The Talnes of tbe symbols are as follows : 

u=3,6=15-5V=iVi=5 tons. 
c=4, is: 1^8=4 tons, «3=5 tons. 

In eqnation (6), ?^ = (8 n+8 «) ^ 

when s;=2, n=4, total number of rivets ^48 
«=8,w=3, „ „ „ =48 

«=4,n=2, „ „ „ =48 

In equation (7), making 2 = 8, n=8 ; 

232-6_116-5, ..K* 

<g=-377=TVinch. 
In equation (8), ?^(3w+ 9) V 

m=l'4 
or the joint is stronger in bearing than for shearing. 

In equation (9), ?^= (i m + 1) V 

fn=2-8 
or the joint is slightly stronger in bearing than for shearing. 

This joint may be as shewn in Fig» 45, the cover being 36'^ long. 

Fig. 45. 
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'^ \J Kj'sJ KJ \J KJ SJ \J \J ^ 



XTsing the same equations for the joint at X, the following values are 
obtained: 

« = 3, n=4, total number of rivets=68, 

Lzs: ^\ m=a minus quantity, shewing that the arrangement 
sufficient ior shearing is more than sufficient for bearing. 
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Tbia joint nifty 1m m ^bawn in fV^. 40^ tlw oonr being Kl' kmg. 




Tbii inj of ftrmoging Ota tiTcta.mmJd'ni 
Kent of ttke platM, H diswn in Fif. 4it^tb» broksn lima. 
For the Wr^per. 

Tfao tension on «Mdi wnqiparie 4*14 MiBaniBtAaa X S twMsSO-? tons. 
Tfnr ih wring, 

n X * X |;{)*x4tou>=aO-7t(HM. 

or 4 in ona ana and A in fha other will nffloc^ Kg. 47. 
rig. 47. 

it — J«!.-.. -A 



r<kp"'o"o"o^ii>"o"o"o"(^"oV^ 



Fop bearing 

m X J X I X 5 tona=207 tons 
ni=8 nearly 
>r the number neceBsary for shearing mnst be used. 

The section of the wrapper must be equal to the section of the angte 
ron and roay be shown as in Fig. 48. 

Fig. 48. 



ged in a similar 
ra and wrappers 




For tbe compreaaion flange, the plates mny be 
maimer to those in the tensioD flange, and the 
may alBO be similar. 

NoTm— If the workmanihin wara pmfBot, tho ct/ret plal« md wnppan in th« eompr«»fon 
flange Hid their rlieu would hava dd direct atrau on them. Bnt hovaTO' well the work mar ba 
dDna,.anii hoRereT cBrefaUr the plalea bntaiog on «Bcb ochar may be llciad bf plantng, wl 

good work ii alwaja dooe, ii la impoaalble u laDnra abaolnle ooniact Ir '-'-■ — •* 

fore H la batter to oaloalata tbe corn, wr^pan. and lireta in Uia 
■Imilar manner lo thoia lu lb* lenden Oanga. 
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There may bo some difficulty in ensarinfir the proper flUine np of the rivet holes where there 
are a great many plates to connect in widch case the following method may be adopted 
{M.P.I.C.B., Vol. XXTX., p. 457.) 

Lonf rivets, cxceedingr m leni^h about throe times the diameter, can be made to fill their 
holes by having;: them heated on their sides in a coice fire without a plate, slighUy cooUng the 
extreme point in water just previons to insertion, and doiw^hing them with the snap tool and a 
14 lb. sledge hammer, avoiaing altogether the use of the ordinary riveting hammers ; by this 
process the shank of the rivet is completely upset throughout its entire length, owing to the 
hardness of the cooled point, and if the latter is not cooled too much, it will recover sufficient 
heat by conduction from the shank, to permit the proper form;ition of the snap. This method 
was first applied at the Boyne Viaduct^ vide Stonoy, Theory of Straitu, Vol. II., p. 316, London, 
1809. 

The position of the joints in the angle iron is unimportant. They 
should not be put where the wrapper will interfere with the putting 
together of the rest of the work, and they should break joint with one 
another. They are shewn on Hale II. 

The Camber and Deflection. 

The girder approaches to, but is somewhat stiffer than a beam of 
uniform strength and uniform breadth, having a cross section of equal 
strength. 

Then {Deflection of Beams, p. 37). 

Taking E=18,000,000 lbs., n"=-5708, /,=4 tons, 7^=5 tons, c=33' 
X 12, Ao=66", 

V=l-519 inches. 

Allowing I of this for permanent set, (p. 118,) the true deflection is 
1*, which being divided in direct proportion to the dead and rolling 
loads, gives '36 inch for the former and '64 inch for the latter, or t^j-t- 
of the length for the rolHng load. 

It may be well to make an addition to the camber, to cover the effect 
of the sudden application of the live load. Probably about -f or J 
would be sufficient for a bridge of this length (JJ.I.B.R., p. 35), but 
even \ would not be too much. 

The weight of the girder may now be taken out as follows : 

Flange plates 2 x 31' x ||' x tV'I 62' 

2x41-5' xii'x^L' 83' 
2x49 5' xif'x^' ^ 99' 



2 X 70' X if X jV 
2x5-5' xi^'x^V 



14(y 
11' 



395' X If' at 20 lbs. = 12508 lbs 

Covers, 4 x 2 x fi' x H' x 1^/= ^^ ^eet super, at 17*5 lbs. = 845 lbs 

„ 4 X 2 X ^' X if X tV=38 feet super, at 15 lbs. = 570 „ 

4 X 2 X H' X H' X ^V = 26 feet super, at 20 lbs = 560 „ 

Angles, 2 X 2 X 75*5 at 17*45 lbs. per foot run = 5270 „ 

Wrappers, 2 X 6 X |f' at 17*45 lbs. per foot run = 524 „ 



Carried over 20277 



»> 



BOBIEOKTAL AST) VERTICAL BUCINO. 

Brought forward S0877II». 



1^. 






=36aft.super.at2] 251b8.= 7714 „ 



2 feet Huper. at 30 lbs. = 660 „ 
X Tfi" >t 3" >< l'= 1^' at 11 lb*- 

per foot itm. = 1694 „ 
Intermeditttedo.2 xl2x 5'*5'x 6" X JJ" (mean thickness) 

= 66 feet super, at 21-25 lbs. = 1408 ^ 

Endpillare2 X 2 X 7' X T6' x 3' x r=28 feet nm at 211ba. = 688 „ 

InPhtM,- 16xlfi0x3^4800 
nWvbaadwiglw, 2x150x2=1200 
2x2x2Bx20»2O0O 



IVital, 8000 
8000 X H X i' of {* nmad inn3B692 fMt ran »t 2 Bw. 



7oteL 83720 „ 

a:lS-& tCBlfl. 
Thu gnw ft miglit ntiier lav thn ww provi^d fiir, bnt (be 
diiEBraige ii not adOIu^ to raidaF ryl^mUfann naoeaBuj. Than 
ironld bo a slight addition to thia weight for " paoldng." 

The ends of the girders may bs finished by rounding oB the top flange 
and continaing the angles and plale to meet those of the lower flange. 



/^W 



There ahonld be an extra plate on the lower flan^ at the bearings, 
into wHoh the heads of the rivets are conntersnok. In large girders 
this is sometimes of cast iron, planed, in which case it is bolted on to 
the flange. 

Some of the ordinary methods of providio^ for the expansion and 
contraction of the girders are shewn in FlaU III. 

Bridges require to be braced both horizontally and vertically. 

The following extract from Mr. Unwin'B lectnres on the Construction 
of Wrought Iron Bridges, Lecture III., February I5th, 1871, will be 

FuNcnoua or thb Hobizohtil amd Vbbtical BuciNa, 
" The rolling load in passing over a bridge does not prodnca a simple 



HOBIZONTAL AKD TEBTICAL BBACIKQ. 151 

vertical presBUre on the bridge. In tbe case of a railway train, the 
ineqaalities of the way set up both vertical and horizontal oscillations, 
of each carriage, which modify the vertical load and introduce hori- 
zontal pressure on the rails. The primary object of the horizontal 
bracing is to resist these horizontal forces, by forming with the booms 
of the bridge, and the platform, a horizontally placed girder of a depth 
equal to the width of the bridge. And the primary object of the 
vertical bracing is to bind together the two main girders so as to present 
a combined resistance to the torsion and tendency to overturning pro- 
duced by the horizontal forces. 

Whether the platform ifi on top or at bottom of the main girders, 
it is obvious that the horizontal. bracing will be most effective when 
the rails, the booms, and the bracing, are as nearly as possible in one 
plane. This is well secured in the arrangement shewn in Figs, 1 and 2, 
Flate IV. 

When there are no cross beams, the bracing bars are alternately 
struts and ties, according to the unknown direction of the horizontal 
forces. In such cases the horizontal bracing should consist of X ^^ 
bars placed back to back and rivetted to the flanges of the main girders. 
X irons 4x3x }to4x4x| intersecting the axis of the bridge at 
angles of SO*' to 40*^, are sufficiently strong in ordinary cases. When 
there is a platform with cross beams, the cross beams may be utilized as 
struts in the horizontal bracing, and the bracing bars may be flat or 
round bars rivetted to the main girders and to the cross beams where 
they intersect them. These bars may be 6" to 8" wide and f " to \" thick. 
The magnitude of the horizontal force developed by the lateral oscilla- 
tion of a train is, I believe, unknown. The wind pressure alone acting 
on the side of a train of carriages might produce a pressure of perhaps 
3 cwts. per foot run, or say a horizontal force of \ the rolling load. 
So that we shall, I believe, make no excessive allowance if we suppose, 
in single line bridges, that the horizontal force acting on the rails may 
reach \ of the rolling load. When the platform is on top of the main 
girders this force tends to overturn the girders, and must be resisted 
by building the girders into the masonry of the piers, or we may adopt 
the plan shown in Figs. 3 and 4, Flate IV, and introduce over each 
pier a frame of vertical bracing, binding together all the girders and 
spreading over a wide space the resistance to overturning. Very con- 
siderable differences will be found in existing bridges as to the amount 
of this vertical bracing, but it seems reasonable that the frame, at each 
end of a span of a single line bridge, should be at least strong enough 
to resist a horizontal force of -^ the rolling load on the span applied in 
the plane of the rails. And the resultant of this force and the half 
dead and live load of the span should of course fall within the frame. 
If the bridge has several spans, so that the girders of two spans are 
united on one vertical bracing &ame over the pier, that frame requires 
double the strength of frame previously considered. When the bridge 
carries two lines of way, the effect of wind pressure bears a less propor- 
tion to the rolling load, but I am hardly prepared to recommend a less 
strength in the bracing. Of course the suggestions I have made here 
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Kre to he taken only as general gniilen, Tlie exnct iiaturs and amount 
of the horixontal Gtruiuiug furc^!! are nnknoivu. 

Witt girders of moderate span no other vertical bracing Iramea than 
those over the jjiera are necessttry. Bnt many eugineera introdnce 
Tertical bracing frames at distances of abont 2y to 30 feet along the 

With the platform on top of the main girders tJio liorizontal biitcing 
has the Biibsidiary effect of stiffening the compression booms against 
luteral flexure. When the platform is below the main girdi-rs the top 
booms can have no aid from bracing, nnleaa the depth of the main 
girders is about 15 feet, and then light top bracing ia introdaced to 
stiffen the booms. With tlie platform at bottom the vertical bracing is 
dispensed with." 

The method of calculation given above applies to all Ibo forms of 
continuous web girders having horisontul tluiges. 

a. of girder Ituown as " eaildld 
J itdvantuiie. i 



It does not apply propei'ly to the for 
back" {Fig. 60) which la of doubtfn] it 



Fu;. 50. 
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The raits on bridges should have a camber and it may be the eame 
that the main girders have before the rolling load comes on. If the 
rails are laid level, the engine, soon after coming on the bridge begins 
to run up an incline, the springs are compressed, owing to the load 
on them not ri^ng so qnickly as the incline, and tliis comprea~iun 
produces a heavier preasui'C on the bridge than the mere load on the 

If the rails be laid with a camber, tbii takes place when the bridge 
is onhr very partially loaded, and the effect can then be borne without 
any nsk, see Latham's Wrougitt Iron llrnhjes, p. 2J2 to 218. 

Another mle is that the camber given ia the rails on a bridge should 
be equal to \TiA the measured deflection caused by the passage nf a 
long train over the same bridge, when the rails are laid without 
camber (il.P.I.O.E., vol. XXIX,, p. 443). 

When a railway crosses a road at a skew, it is worth while to 
remember that the load on the bridge is not uniform, and to design 
the girder accordingly. 

Thas, the parts a t, c rf of the main girders (Fig. 51) are each 
loaded with half the load on I he rectangle a ii c il, but the part-s 6 e, df 
are loaded wiih coiisidei'ably leas, and the girders may be reduced in 
strength accordingly. 
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Fig. 51. 
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Beams with Horizontal Flanges and Open Webs. 

In these beams, the web consists of a number of bars, all of which 
are inclined {Fujf. 1 to 4), or some of which are inclined and some 
vertical {Ftya, 5 and 6), connected with the flanges (or booms) bj 
rivets or turned steel bolts. 

When the load is invariable, some of these bars are in tension, some 
in compression, the stresses remaining the same alwavs both in nature 
and amount, but where the load moves, as on a bridge, the stress in 
every bar varies in amount, as the load moves, and it varies in some 
bars both in amount and nature, so that these bars have to be con- 
structed to bear both kinds of stress. This is called ** oounterbracing." 

The term ** brace " is applied to all the bars connecting the flanges, 



Fig, 1. 



2^.2. 
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T whether thej be tension or cdppr^sion bars, or both, and this type of 
beam is called a ** braced " beam or girder. 

A frame of any form braced in this manner is called a ** truss." 
In order to brace a frame of any kind completely, the lines repre- 
senting the directions of the tensions or compressions in the difierent 
bars composing the firame must divide the space included within the 
eztemal liars of the frame into a number of triangles, and each of the 
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{iirnin<ui or eucuta. 



b*rs mast be competent to resist tLe particular kind of stress to vrbkll^ 
it will bo subjected. 

Thas a roof frame of the external form shown in Fig. 7 may be 
completely braced in any of the waya fihown id Pigs. 8, 9, 10, the b&ra 
in eacli case beiug of suitable dimensions. 





As three bars of given length can only be 'mraiiged ii 
cine form, it is evident that no change of form in any triangle can take 
place withoQt an alleration in the length of one or more of the bare ; 
and hence the division of the internal space in the triangleb bv mfans 
of bars of dne strength, precludes any alteration in the form of the 

WTiere a frame ia to be sabjected to a moving load, the bracing is 
•ometimea accomplished by bars crossing one another as in Fig. 10. 



Fig. 11. 



Fiy. 12. 



Sappose a rectangular frame binged at all the joints, and acted upon 
by an Inclined force from one aide, say the right, Fig. 11. 

Then without any bracing the frame would simply revolve on the 
lunges and collapse as shown in Fig. 12, bat if a tension bar of sufficient 
strength be put in from A to G, Fig. 11, this collapse cannot take place, 
because, before it can assume tJie position shown in Fig. 12, the bar 
must elongate to the length £ 0. 

But this braciog would be insufficient to resist a similar force coming 
from the left, because the tension b&r would then oome under compres- 
sion and would buckle, unless constructed as a compression bar, as 
well aa a tension bar. 

If a second tension bar be pat in from B to D, Fig. 11, no alteration 
of form can take place under either force, and the frame is as completely 
braced, as if the first bar A C had been constructed both as a tension 
and as a compression bar. 
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In calculating the stresses in these beams it is assumed that the flanges 
are not continuous, bat consist of a number of bars oonnecied with the 
braces at each point of junction, so that each point is a hinge round 
which motion may take place. 

It is shewn (L.W.I.B., p. 122) that tbe effect of constructing the 
flanges continnous from end to end is to relieve the braces, and to 
preserve evenness of stress, which might oth« rwise be endangered by 
the necessity, wbich arises in construction, of making some of the 
braces larger than is necessary for the stresses they have to bear. 

It is further shewn that the ri vetting together of the braces of lattice 
girders at their points of crossing has the effect of stiffening the girder, 
BO that any error in the calculation, on the assumption that the booms 
are not continnous, and the braces not rivett'Cd to one another at their 
pointa of crossing, is on the side of safety. 

EXAMPLE I. 

Determine tbe stresses in a lattice grirder of the form shewn in Fig. 1 3, 
the rolling load (that of a railway train), beini^ on the lower flange. 
Tbe distribution of the dead load on the girder is as follows : 
On each upper apex, such as a, the weight of half of the girder 
divided by the number of spaces such as A & ; call this Wy, On each 

Fig, 13. 




lower apex, such as A, the weight of half of the girder added to half of 
the platform, and of the rails, divided by the number of spai^es, such 
as A 6 ; call this w. 

The rolling load may be taken ns distributed equally at the lower 
apices, so that each apex wUl have on it the total rolling load carried 
by one main girder divided by the number of spaces ; and it facilitates 
oalcnlation without importing sensible error to suppose that as the train 
comes on, each apex is loaded fully in succession, while the apex imme- 
diately in front of it is not loaded at all. Call the rolling load on each 
apex W. 

For the sake of shortening the tables, and of showing as simply as 
possible how Latham's method of dealing with these girders is amved 
at, the load on the upper apices, which is small in comparison with that 
on the lower apices, is left out of consideration for the present. 

Then considering, first, the dead load on the lower flange, and taking 
each load by itself, it is obvious that the load at the apices of one set 
of triangles produces no efl*ect on the braces of the other set of 
triangles, thus : of the load at C, which is 8 spaces from H and 4 spaces 
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from G, A 's carried to the pier G through the brnces C D, D R, E P, 
and F G, while tt is cBrried to H throngh C B, B A, A I, IK, K L. 
L M, M N, and N H, and similarlv. of the load at d, VV '« hurried to G, 
through lie, ef,fg,gG, and VVtin-ongh dt,ch, n A, A H to H. 

Beginning with the weight u'at B, a, reaction of J w is produced at 
O, and a renction of ^ ic at H. 

The reaction | w at G is bslanced by two forces, one a thrust in F G, 
and the other a teoRiun in E Q (Pf^- H) and theae three forces are 
represented in magnitude and direction by the triangle/ F G, (f'j- 15J. 



Fig. U. 



Fig. 15. 





I 



Now the thrust in F G : Reaction :: F G : F/ : sin 90° : sin i, 
whence thrust in F G = Beactioa k cosec. ( = + f w cosec. i. 

Neglecting for the present the stresaes in the flanges, and following 
the stresses in the braces, the thrnst in F G is Iwlanced at F by a 
tfamst in D F, and a tension in F E ( Fi^. 16), and these three forces 
are represented in magnitude and direction by the triangle F G fi. J 
{Fig. 17.) ' 

Fig. 16, Fig. 17. 




As this is ftn isosceles triangle, it is obvious that the tension in 
F E = the throat in F G = — | w cosec. i. 

Commencing now from H, the reaction at H ^ -^ to is balanced hj 
two forces, one a thmst in N H, the other a tension in U H {Fig. 18), 
and these three forces are represented in magnitude and direction by 
the triangle N H A. {Fig. 19.) 



Fig. 18. 



Fig. 19. 
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Reasoning as before, the thrust in N H == Reaction x cosec. i := ^ w 
cosec. I, and this thrust is balanced at N, by a thrust in L N, and a 
tension in N M = -J^ «; cosec. i. 

Similarly this tension in N M is balanced at M by a tension in M K, 
and a thrust in L M = |^ u; cosec. /, which again is balanced at L by a 
thrust in I L and a tension in Kit =: \ w cosec. t, and so on, alternately 
compressions and tensions up to the load at E. 

Calling cosec. /, w, the first line of Table I. is obtained. 

In a similar manner, the second line is obtained by considering the 
load at C, which produces a reaction of J- iv at G and f w at H ; and 
the rest of the table is obtained similarly from the loads at A, K, and 
M in succession. 

Now as these stresses are always in existence and have a constant 
value, it is necessary to provide for the sum of them on each bar, and 
as tensions and compressions neutralize each other, the tensions may 
be taken as — and the compressions as + to obtain the sum. 

This addition completes I able I. 

Considering now the loads at/, J, b, n, the load at /produces a 

reaction oi W w at G, and y\- w at H. 

The reaction at G is balanced directly by a thrust equal to it in G ^. 
The thrust in Qg is balanced at ^ by a thrust in F^^, and a tension in 
gf (Fig, 20), and these three forces are represented in magnitude and 
direction by the triangle ^G (Fig. 21). 



Fig. 20. 



Fig. 21. 





Now tension in g f : Reaction :: gf: gQ :: sin 90° : sin », 
whence tension in gf= Reaction x cosec. i=: \^ w cosec. i. 

Commencing from H, the reaction = -j^ u; at H is balanced by a 
thrust equal to it in H h. 

The thrust in H A is balanced at A by a thrust in N /{, and a tension 
inn h = -^ w cosec. t, and on the same principle as before, there are 
alternate compressions and tensions, each equal to ^ to cosec. ?', in the 
braces from n m to ef. 

In this manner, the first line of Table II. is formed, and the other 
lines similarly, the total being obtained by adding the different columns 
together, regaiHiing the compressions as +, and the tension as — , as 
in Table I. 

Similar tables might be formed for any number of sets of triangles, 
or for the case where a portion of the load is on the top. 

The rolling load is now to be considered ; and its effect on the braces 
may be obtained from Tables 1. and II. 

Let the train be supposed to roll on from G, until the apex E only is 
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load at E is given bj the first line of Table I.; the eBeGt produced 
when E and C are loiuled is given by the two first lines t&ken bigether; 
that produced when E, C and A are loaded is given by the first three 
lines, and ea on, nntil the bridge is folly loaded. 

Aa the train rolls off, and the load at E le removed, the lowest 
fonr added together give the eficct on the braces ; when E and C are 
nnJoadedi the lowest three linea added together give the effect on the 
braces, and so nntiJ the bridge is unloaded. 

At some time, then, during the passage of the load, the maximnm of 
each kind of stress is prodnced ou the bars, and instead of providing 
for the snm of the stresses, it is necessary to provide for the maximnni 
stress of each kind. 

Thus, considering the liar BC; wben the train has advanced so far 
aa to load E and C, B C has on it a tension =: 4 W n, but when the apex 
A is loaded in addition, this tensiouiis altogether neutralized, and when 
the whole girder is loaded, B C han on it a compression = J^ W n. 
When the train has rolled off, so that E and C are unloaded, B C has 
on it nothing but compression, which is then a maximiun, and oqnals 

Similarly other bars are Bometimes in compression and sometimes in 
tension from the rolling load. 

'Tables III. and IV. are formed by adding together the atreasos of 
each kind on each bar in Tables I. and II., substituting W for w, 

OoDsidering, now, Uie dead and rolling load together; the stresses 
prodnced on each bar by the dead load either neutralize the stresses 
produced by the rolling load, if they are of difiereiit kinds, or are in 
addition to them if they are of the same kind, and it is necessary to add 
them both together, stiU cpnsidering compressions as + and tensions 
ae— . 

This gives Tables V. and YI. and completes the Tables necesaary for 
the braces. 

Examining these Tables it is seen that the streBses on the bars 
increase from the centre of the girder to the piers ; that the end bars 
O (7, G- F, H A, H n, are always in compression, and those next to them 
fg, F B, » &, N U, are always in tension, while the otiiera may be some- 
times in tensioD, and sometimes in compression, this depending apon 
the ratio of the dead and rolling loads to one another. 

Thus suppose the dead and rolling loads to be to one another as 
3 to 6,thenw: W:: 3:6:orw=: ^. 

Substituting these for any bar, it is at once seen whether the bar is 
a tension or compression bar or both. 

Take the bar B for example, from Table V. 

Its greatest compression = + |— n+|Wn= + Y^Wn 

„ „ tension = + » Yn - ! Wn = - Pvin 
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or the bar is a compression bar sometimes, and is in slight tension at 
others. 

Take the bar B A, from Table V. 

Its greatest compression = — ^ -— n -»- ^Wn = + -rr^n 

„ „ tcnaion = - 4^« - | Wn = - 1| Wn 

or the bar is sometimes in tension and sometimes in slight compression. 

Both these braces must be designed to resist both kinds of stress. 
This is called " connterbracing," 

In all braced bridges, it is necessary to " counterbrace " the central 
bars, the nnmber of bars requiring counlerbracing depending apon the 
ratio of the rolling load to tlie weight of the structure. 

The flanges or booms. 

As the greatest stress in the flanges is produced when the bridge 
is fully loaded, each lower apex may be taken, as loaded with a 
load = u; + W. 

Considering the efEect of the load at E, on the lower flange, and 
reasoning as before, the tension on G- E which balances the reaction 
f (tt^+W) at G is obtained from the triangle offerees, G F/ (Fig, 15), 
in which / G represents the tension on G E, F/representing the reaction 
atG. 

As G/ :/F :: cos i : sin i 

Tension on G E = Reaction x cot i = | (w + W) cot i. 

Commencing from the other end, and reasoning similarly. 

Tension on H B = ^ (w + W) cot i. 

this tension acting alljihrough from H to the point of application of the 
load. 

Now it has already been seen, that at M there are two forces acting, 
one a tension = -I- (t^; + W) cosec i in M N and the other a thrust 
= ^ (u; + W) cosec » in L M, which are balanced by a tension extending 
from M to E, %nd these three forces are represented in magnitude and 
direction by the triangle L M N (Fig. 22.). 

Fig. 22. 




Now tension in M E : tension in M N :: LN : MN :: siq. 2 1 : sin. i. 

Whence tension in ME= 4 (w+ W) cosec i ^^! — r^*=i(w+ W)cot.». 

sm. % 

Stmilarly tension in K E required to balance the forces in L K, K I 

= i (w+ W) cot. i. 
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Tension in A B to balance forces in A T and A B = j^ (to+W) oot. ('. 
Tension in C E „ „ BCandC D = i(w+W) oot. ». 

So that on H M, ten8ion= J («-+ W) cot. i. 

„ on MK=i(w+W)cot. i.+ i(ic+W}coti.=|(K:+W)oot.i. 
„ on KA=^(n;+W)cot. i.+ ^ (w+W) cot i+i (V-f- W) coL i. 

L .. ouCE=(,r+W) cot. I. + =J(«'+W)cot-i. 

1^. Calling; i;ot.i, rii, tliis givce tlie Hrst line of Table VII., and considering 
the loads at tbe other apices in Eaccession, the whole Table ie formed, 
the total stress bein^ the sum of the stresses dne to each load, which 
aie all of the same kind. 

In a similar manner, Tables VIII., IX., and X, are obtained. 

Examining tbese Tables, it appears that with the exception of the end 
bars of both flanges, i.e., G-/, jr F, H n, A N, each bar forms a part of two 
triangles, and hue to bear Uie stress on both. For example, C & is a 
part of two triaiigltw d n b &ud B C A, and has to Itear tbe tension both 
on ci b and C A, which by Tablet VII, and IX. is found to be V ("> + W") 
fot. i. + V ("■+ W) <^'- '■ • ^1*1 siniilarlj 1 t is a pari of ti i and I L, 
and has to bt^ar the compression on bolh. « liich bj Tablaa VIII- and X. 
iit (ouud to bo \^(ii!+\V) cot t+ y («'+ W) cot. t. 

Talie XI. is formed in this manner. 

It is seen from theSR Tables that the stresses in the flanges are 
^eatest at tbe centre of the ^rder, and dEHi'reasc tovrnrds the ends. 

These Tables give the atressea in all tbe bars uf a labtiue girder with 
two sets of tiianglea, the load bois); ou the lower flange, and the small 
portion of the load, which is actaally borne at the upper apices, being 
leftoiit ofconsldiTiitioii, 

It is obvious that a girder having any namber of triangles, and 
loaded both on iLe top and bottom apices, might be dealt with in a 
similar manner, bat it would be troublesome to form a very large 
number of Tables, and it is desirable to simplify tbe method if possible. 

Latham's met'icd, triv.-r in his IVrou;//./ Irfii Bridget (a book now 
Bomcwjiat Hilli.nll i<-i giTi nm'rdB this ximple method. 

Commencing from tbe right side, H, of tbe girder, jinmber all tfaa 
parallel to A n, in succession 1, 2, 12 {Fig. 23). 

Fig. 23. 



Then an inspection of Table 1. shows that for the bar A I tbe 8 
caused by the dead load are J w w (-1-2—3+2+1), 
which may be put in the form -^ w n (—2—4—6+4+2). ■ 

Now it is obvious that the loads at £, C, and A, each produce tensioii 
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on A T, while those at K and M produce compression, and it is seen on 
inspection, that the apex A is distant spaces, the apex C is distant 4 
spaces, and the apex E is distant 2 spaces from G, while the apex K is 
distant 4 spaces, and the apex M is distant 2 spaces from H, so thattbo 
scries given in the Table maj bo obtained by counting on the diagram 
of the girder the nnmber of spaces that each load on the on© side is 
distant from the pier on that side, and deducting from their sura tho 
sum of the number of spaces that the loads on the other side are distant 
frora tho pier on that side, and writing before the series tho terms w n 
divided by tho total number of spaces. 

Take a bar in tho other set of triangles, say a h. 

The series given by the Table is 

T^wn (-1-3-5-1-0-1-3 + 1) 

and it is seen that h, d, and/, tho loads on which produce tension on 
a &, are respectively 5, 3 and 1 spaces from G, while /, I, and w, the loads 
on which produce compression on a 6, are also respectively 5, 3, and 1 
spaces from H. 

Had a table been formed for the load ir^ on tho upper apices, tho 
result for the efiect of these loads on the bar a h, would have been on 
the same principle ^ ^i\ n (—4—2 + 6 + 4 + 2) because the loads at c, 
and f», which are respectively 4 and 2 spaces from G produce tension on 
a 6, while the loads at a, h, and m, which are respectively 6, 4, and 2 
spaces from H produce compression on a h. 

When the effect of the rolling load on any bar is considered, tho 
compression is greatest when none of tho loads which produce tension 
on that bar are on, while the tension is gi'oatcst when none of the loads 
which produce compression are on. 

Thas, for the bar a b, tho compression is greatest when tho loads at 
t, Z, and n only are on, while the tension is greatest when the loads at 
/, (7j and h only are on. 

Referring now to Table IL, the series obtained for maximum com- 
pression is 

yV^^w ( + 5 + 3 + 1) 

while that for the maximum tension is 

^wn (-5-3-1) 

For tho baT A I, Table I., tho scries for maximum compression is 

while that for the maximum tension is 

tV ^^' 'i (-6-4-2) 

so that for the rolling load, it is only necessary to repeat the series for 
tho dead load, substituting W for w, and leaving out the compressions, 
or the tensions, according as the calculation is being made for tension 
or compression. 

Applying this in the case under consideration, and supposing that 
there is a load w^ at each of the upper apices, lot it be supposed that tho 
girder already considered has a span of St foot and a depth of 7 feet, 
and that the loads on the top and bottom of the girder are as follows : 
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Dead load at each top apex =1 ton=ici 

„ „ bottom apex ^4"5 ,, =w 

Boiling load at each bottom apes =9'0 „ =W 
Also let the bars be set at 45°. 



J2 



= 1178 toM 



To find the maiimuin compression in tho liars. 

As 1 and 2 are always in tension, it is nnncccssary to examine thera 
in regard to compresBion. 
Maximam compression in bar 8 ; 
■1178 C + 2-8— 6-4-2) 
+ -5303 (+1-9-7-&-3-1) 
+1-0606 (+1) 
=-1178(-18)+-5303(-24) + TOGOG + (1)= -2-I204-12-7272 + 

1-0606=— ] 37870 tons, so that this bar ie alwayB in tension. 
Bar 4: 

•1178( + 3-t-l-7-5-3-l) 
+ ■5303 ( + 2-8-6-4-2) 
+1-0606 ( + 2) 
= -li78(-12)+-5303(-18) +l-0606(+2) = -1.4136-9-5454 + 
2-1212 = — 8-8378, bo that this bar is always in tension. 



I 



-2) 
-S-I) 



•1178 (+4+2-1 
+ -6303( + 8+l-; 
+10606 (+3 + 1) 
= 1178 (-6) +-6303 (-12) +10606 (+1) = - -7068 - 6-3636 + 

4 2424= — 2'8280 toiu, bo that this bftr is alwajB in tension. 
Bar 6: 

■1178 ( + 5+3+1-S-8-1) 
+•5303 (+4+2-6-4-2) 
+ 10606 (+4+2) 
=0+^5303 (-6) + 1^0606 (+6)=-S-1818+6.3636= + 3.1818 tons. 
Bor7: 

•1178 ( + 6+4+2-4-2) 
+ •6303 ( + 5 + 3+1-5-3-1) 
+10606 (+6 + 3 + 1) 
=•1178 (+6) + 0+ 10606 (+ 9)= + ^7068+9'5454= + 102522 Ion. 



•1178 ( + 7+5 + 3+1-3-1) 
+•5303 ( + 6+4+2-4-2) 
+ 10606 ( + 6 + 4+2) 
=•1178 ( + 12) + 5303 (+6) +1^0 
12 7272=173226 ton.. 



i6 ( + 12) = + 1^41S6 + 31818 + 
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Bar9: 

•1178 (+8+6+4+2-2) 
+•5303 (+7+5+3+1-3-1) 
+ 1-0606 (+7+5+3+1) 
=•1178 (+ 18)+ -5303 (+12) + 10606 (+ 16) = 21204 + 6-3636 + 

16-9696= +25*4536 iiona. 
Bar 10: 

•1178 (+9+7+5+3+1-1) 
+ •6303 (+8+6+4+2-2) 
+ 1-0606 (+8 + 6+4+2) 
=•1178 (+24) +-5303 (+18) +1-0606 (+20) = +2-8272+ 9-5454+ 

21-2120= +33-5846 tons. 
Bar 11: 

•1178 (+10+8+6+4+2) 
+ •6303 (+9+7+5 + 3+1-1) 
+ 1-0606 (+9+?+5+3+l) 
= -1178 (+30) + -5303 ( + 24) +1-0606 (+25) = 3-5340 + 127272+ 

26-515=42-7762 tons. 
Bar 12: 

•1178 ( + 11+9 + 7+6+3+1) 
+ •5303 (+10+8+6+4+2) 
+1-0606 ( + 10+8+6+4+2) 
=-1178(+36) + •5303(+ 30)+ l-0606(+30) =42408 +15-9090 + 
32-8180= 51-9678 tons. 

Now tills may be still farther simplified, where there is a large 
number of bars, by the method of differences, thus, 

Difference. Difference. 
Compression on bar 6= 3*1818 tons 



w 

19 
99 
99 
99 



6= 3-1818 tons ] . .^^ . 

7=10-2522 „ 1 lt?S^ I 

8=17-3226 „ J \ll\lXi\ {+1-061 

9=25-4536 „ \ ) J |}sJX< ] 

10=33-6846 „ j 7tQ.iQiS( ^ +106 

11=42-7762 „ j + yxyio) 



0606 



0606 



f .0, by taking the difference D^ between a sufficient number of bars, and 
then the difference Dg between the first differences D^, it is found that 
the second differences Dg recur in a certain order over and over again, 
and by writing down these recurring series, adding Dg to the previouB 
value of D^, me new value of D^ is obtained, which in turn added to 
the compression on the last calculated bar gives the compression on 
the next bar. 

Thus, to determine the compression on bar 12 from the above ; the 
value of Dg next recurring is 0, and the next value of Di is therefore 
9-1916 tons, which added to the compression on bar 11 gives 51*9678 
tons, which agrees with that previously found. 

This may be checked by resolving this compression vertically and 
horizontally ; the vertical component will, if correct, be the reaction 
at the pier due to the loads at the apices of this set of triangles. 
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The vortical component in this caso= — -.-= 



C'-ii louB, and t&a I 



-lO-OUO 



reactioii=Sw, + ^M' + tW=3 + ll-25 4-2-2-&0=30-7S tons. 

To liud blic uifiximum tendon on tlic bore. 
Barl: 

■11?8 (-l(J-8-C-4-2.) 

+ ■6303 (-n-y-?-5-3-i) 

+ 1-0606 (-11-9-7-5-3-1) 
= 11?8 (-30J +-5303 (-30) + 1 DGOO (-36) =-3534(l- 

-38-1816=~60'8064 tona. 
Bar 2: 

■1178 (-9-7-5-3-1 + 1) 
+ ■5303 (-10-8-6-4-2) 
+ 10G00 (-10-8-6-4-2) 
=■1178 (-24 + -5303 (-30) + rOiiOG (-30) = - 2'8372 - 15-!W90:1 

— 3l^8l80 = — 30'5542 tons. 
Bai-3; 

■1178 (-8-0-4-2 + 2) 
+ ■SSoa (-t*-7-5-3-l + 1) 
+ l'00(j(! (-9-7-5-3-1 ) 
= ■1178 (- 18) + -5303 {- 24) + 1-OCOG (-25) = 21204. - U-7i7ii 

-20 5160 = 41-3026 tona. 
Bar 4: 

■1178 (-7-5-8-1+8+1) 
+ ■5303 (-8-6—4—2 + 2) 
+ l-000C(-y-0-4-2) 
=•1178 (-12) + ■5303 (-18) + l^OOOC (-20) 

-21'2120 = -32-1710 tons. 
Bar 5: 

■1178 (C-4-2 + 4+2) 
+ ■5303 (-7-5-3-1 + 3 + 1) 
+ 10606 (-7-5-3-1) 
=■1178 (-6) +-5303 (-12) + TOOOti (-16) = 
16^9696= -24^0400 toua. 
From which the rcuiaindor of the bars cun be determined by the 
method of differences as already explained. 

D, D, 

Tension on bar 1 = — TiOSOtJi tons 
„ bar 2=— 50-5542 



-1^4136-95454 



■7068-6-3 



„ bar3=-41-3(;2G 
„ bar4=-32-17l0 
„ bar 5= -240400 
„ „ bar 6= -15-9090 
„ bar 7=- 88386 
„ bar8=- 1-7682 
„ bar 9=+ 424IC 
It is nnncccssary to go any fiirtiioi 



10^2522 I ,f,,^ 

' ' f + 91916) ) - J;~„,. 

' U + 70704 > J -^J*'^^ 
' M + 7'0704i 1 ," 
• P + 6 0098) i-10«'>G 

iiilb the calculations, as bars 10 to 
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12 must evidently have a greater coinprcssiou on tlicra tlian bar 9, and 
can never be in tension. 

The correctness of the calculation for bar 9 may be checked thus, 
Maximum tension = -1178 (— 2-|-8-|-G-f 4-f 2) 

-h -5303 (-3-14-7 + 54-3 + 1) 
4-1-0606 (-3-1) 
= •1178 (4-18) -h -5303 ( + 12) +1*0606 (-4)= +42416 tons, 
which agrees with that given above, and shows that bar 9 is always a 
compression bar. 

The resnlt of the whole is as follows : 
Maximum stress on bar 1 (and also on /«7) = — 60*80 tons 
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EF) = -50*55 

/Ze) = -41*35 

OD) = -3217 

&c) = -24-04 
AB) = -15-90 

;a)=z-. 8-83 
KI) = - 1*76 

ML) = 

7i>n) = 






and + 3*18 tons 
and + 10-25 „ 
and + 17*32 „ 
+ 25*45 „ 
+ 33*58 „ 
+42-77 „ 
+ 51*96 „ 



„HN) = 

The compression on Gg and HA are each equal to the vertical com- 
ponent of the tension on bar 1=— 60*80 tons which should be equal 
to u;i X f + ?c? X 3 + W X 3=2*5 + 13*5 + 27=43 tons, and which is actually 

equal to , _ =42*99 tons. In calculating the dimensions of these 

two bars, the load borne at g and h must be added to this. 

The bars 6 and AB, if designed as tension bars to carry 15*90 toes 
tension, would probably be able to take, without special construction, 
the 3*18 tons compression, to which they are sometimes exposed; but 
it might be necessary to counterbrace them. 

The bars 7 and ia being exposed to a compression and tension alter- 
nately of nearly equal amount, should be counterbraced, while the bars 
8 and KI would evidently be able as compression bars to resist the 
small tension which sometimes comes on them. 

The Flanges or Booms. 

An examination of Table XI. shows that the stresses in the corres- 
ponding parts of the top and bottom flanges are not identical ; for 
example, the compression in the Imr c B is 17 (w + W) m, while the 
tension in the bar Chis 16*5 (t(; + W) wi = 16'5 (?(;4-W), i.e., m being 
in this case cot. 45°= 1. 

It is nevertheless common in ordinary practice to calculate the 
stresses in the flanges in the same manner as for continuous web 
girders, {Examples I. and II.) and the result of this in this particular 
case, viz., that shewn in the tables, at a vertical section half-way 
between c and B, is as follows : 



RXAUPLB. umci OtBDBB. 

Moraont of aoxure= l^^jt^ («"— a!S)=Strefla iii either flange x1 

depth of girder (momcat of resistance), 

where — ^^^j — : is the weight per running foot on the girder 

wbenoe stress io flange = ^ JI. '^^^ (42'--10 5') =iQ.QT(^+yfy t^pg 

The method of tables is evidently more troablesomc, especially nhoro 
the unmber of bars is great, and another method muy be employed with 
advantage. 

The greatest stress on the flanges bemg produced when the girder is 
fully loaded, it is first nooessory to asocrtain the stress in the braces is 
this condition of the load. 

Boverting to the case where some oi the load is borne at the top 
apices, this may ho obtained from the previonB calcnhitions, thas : 

D, 
Barl (aiid/s)-6008 
2 ( , "" 



3( 


, d,)- 


21204-127272-2545*i =-40-30 


4( 


. CD)- 


l-iI36- 9-5454-190908 = -3005 


5( 


, SO 


= -19-80 


6( 


,AB) 


= - 9-55 


'(. 


, ») 


-+ -70 



, -HO-25 
j -f 10-25 
' -HO-25 



H. 



, FE) 

, da) 

CD) 

&c) 

AB) 

, ») 

- ., KI) 

9 ( „ *) 

, 10 ( „ ML) 

,!!(,, ">») 

, 12 c „ UN) 

To find the stress in G/. 

The forces acting at O are the total reaction, the compi«saion in ^ 0, 
the compression in F G, and the tension in 0/ (Fig- 24), and 1^ 
horizontal components of these forces acting in one direction mnst 
equal the horizontal components acting in tho other : 

i.e., Tension in/0=Compression in F G cos. « 

=51;S=S6-73tons. 
V2 



= -1-10-95 
= +21-20 

= +31-45 
= +41-70 
= +51-95 



I 



Fig. 24. 
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Tension in/E; 

Here the forces acting are the tension in gf^ the compression in e/, 
the tensions in/G and/E, and the weight ^tf {Fig. 25) and 

Tension in / E= ^^^^.ti;?^ j^ 3673 = 109-21 tons. 

V'2 V'2 

Tension in E d = ^Q'55Hh314>5 ^109-21= 167-30 „ 

\/2 

Tension in ci C = ^'^Q-^^^ 'jO ^. 167.30=21078 „ 

V 2 

Tension in C 5 = ^^'^^ 't'^^'^^ +21078=28977 „ 

Tension in & A = ^^'^0+70 +23977=254-26 „ 

V 2 

It is nnnecessary to go farther than this, as the girder being 
symmetrically loaded, when the load is fnlly on, the stresses on the 
other half of the girder will be similar to those on this half. 

As a check on this calculation, let the stress on 6 A ba calculated by 
Bankine's method of sections (l^./i.lf., p. 150, B,0,E.y p. 184). 

Conceive the girder to be divided into two parts by a vertical pl&ne 
passing an infinitely small distance to the left of Aa (Fig. 26). Then 

Fig. 26. 




the bars cnt by this plane are & A, A B, & or, and B a, and the moment 
of their resistances about any point in the vertical plane mnst be eqnal 
to the moment of fleznre of the external forces tending to cause rota- 
tion about that same point. 

Taking moments about a, the moment of resistance is as follows : 
Stress in 5 A X depth of girder+stress in B A x a as+stress in a 5 x 
+ stress in B a X 0, (1) 

and the stress in B A is known as well as the distance a x. 

The moment of flexure is 

]U:ih:^^±^x (7a-5(tri+tr+W)xaD (2) 

Substituting the numerical values, and equating (1) and (2) 

11 tons. tons. tons. ,y 

Stress in I A X 7' = ~xl4-5 x 42'-5xl4-5x21'-9-55 x ± 

A V 2 

=254-25 tons, 

which proves the accuracy of the previous method. 

In a similar way the stresses in the upper flange are obtained, and 
the calculation checked. 



OBITEIUL KUURKE OX UTUCE onUBS. 

It ifl nnneownnry to iluleriniui' llie iltmcinHionH of tlio parts h. 
cxnmplci, ns mHhoHa of caloulatin^ thcui aatl csimiplnH imvn «1« 
K'cn giTon in pi-cvioTiB mpcira (Tengitm and Cmyrctfion Ilam, Jottii 
and b'aslenlnijK) and in ttip lirat. part of this paper. 

Hemarht on Ihit type 0/ Beam. 

f 1) Tho nnmbcT of Bystwn or sotB of triao^lea. 

If tlif nnmbcr of sets nf triiungloK in nny braceil girdia' he. largo, the 
RtreasiB on tlio bars forniinR rach set, in proporttotiat«ljf n>(]uc(!d, and 
the titrcsBra on the ccntrnl Twirs mny IJnm hp made «o Bninll, tliat it 
bcoomea iniposaililo to construct tlii;ni, pvcn Bppmiiniatelj', of Llio 
proper theoretical dimensions. This cniML'n n waste of mctfil, And an 
imncceasary load on tho girder, wliioh n^in cansM incroaso of 
dimension in other ports of the girder to onrnr it ; find it intorf.Tca 
with tho CTOnncHS of tLe streitii iltrougli the prdcr, those hare whicli 
arc annecossarjly large bciiiB undtr & sniHllcr intensity of stress, nnd 
leas distorted than other pnrta. 

By rodndng tho number of sots of triangles, the stresses on enoh 
sM is incTOaacd, and waste of mctnl on the central bers i« avoided. lint 
this may incnmeo the Btrcnaes on tho bnrs nearest to tho piers eo idul'Ii 
that they cannot conveniently bo made \Ktge ciiont^U to tnko tliem. If 
it in foiuid, thai the end bars, when made a^ largo as Ihoy conveniently 
can bo made, cannot nearly refiiat tho PtniBS which will como upon 
them, tho number of seta of trianglw mnsf be incroasod. 

Whnra the end bars arc noariy alJti to nipot Iho stroRSes. whieh will 
come npon tfiein, when inclined at « given angle, their strength may bo 
iritroased by gi^ni; thmn a smiillur iiiclln;ilion to thi' verticn), and 
iTiiTCiising Ihc immbiT o{ sjincrs itii;lc,id nf (In! tmniltr of sels of 
triangles. In effect, tho nnmlitT of acts of triangles is determined by 
the dimensions which it is possible conveniently to give to the end 
bars, 

(2) It is evident from the foregoing that the angle for the bars 
mnfit depend npon the nctiinl requirements of the particular strnctnro 
of which the braced beam forms a part. 

The most nsual angles in this country are 60° in Warren girders, and 
40° in lattice girders. 

The investigation of the case of a girder Jiaving one set of triangles, 
loaded uniformly on the top honm is given in Tiuthani's Wroiuiht Irnn 
Bridges, p. 47 to C5, with this gencml result that as it is desirable to 
avoid loading tho hnom or flange between tho apices of the triangles 
formed by the bars, it is belter to use ciich an angle as will reduce tho 
distance apart of these apices to that which is tbund to givo a stiff 
platform (p. 127). 

(3) It does not aeem dcsirablo to use any snperfluous bars in those 
beams, as they must, even with the best woi'kmansliip, render the dis- 
tribution of the stresses over the whole of the bars uncertain. 

Thus in a braced ginier with two Eystcms of triangles {Fig. 27) tho 
vortical bars, ah, c d, iti-o supcrflanns, nnd supposing that n 6 is mado 
slightly shorter than c >/, a portion of the lend iit I is farrio<l up a i to 
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a and bo od to the set of bars shewn in datk lines, while very little of 
the load at d, owing to the greater length of c d, is carried np to e, 
and conseqnently the greater part of tne load at b, is taken by the 
same set of bars, which receives the load at b, and thns one Bet of 
bars is OTorloaded, while the other set is nnderworked. 

Fig. 27. 




(4) In lattice girders with more than two sets of triangles, some ot 
the braces finish on the vertical end pillar (Kj. 28) and in this cam 
the pillar, in addition to being under a direct compression, is snbjected 
to a tranfiTerse atreaa eqnal to tho difierenoe of the horizontal com- 
ponent of the stresses on the bars which meet npon it, applied at their 




points of meeting ; thne, the bar a & is a compression bar tending to 
bend the pillar d e ontwards with a force eqnal to the horizontal com- 
ponent of the compression ; the bar b c is a tension bar tending to bend 
the pUlar d « inward with a force eqnal to the horicoutal component of 
the tension ; and the difference of these two mnst be taken into con- 
sideration in calcolatiog the dimensions of the pillar. ' 

The end pillaiv of lu-ge lattice girders are generally bnilt np plate 
boxes. 

(5.) Rivetted connections for these girders are far cheaper than 
tnmed bolts, and they " fix " the ends of the bmces, thereby allowing 
of (he compression braces being calenlated as " fixed " at the ends. 

Theoreticall; they onght, if the rivetting is well done and especially 
if the rivet holes are drilled, to be as strong as tamed bolts, while if 
properly arranged (p. 102), the; weaken the bars and the booms less. 
For work to be sent to conntnea where skilled labour is scarce, the 
latter hava this advantage, that they reqnire fewer skilled workmen 
to put tho work together, than rivetted connections require. 
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(C) If iiing or bolts nre used to conneol the braces with the flanges, 
tboy Bbuuld thcoreticaJJy be [ilaced at tbe centre of figure of the section 
of tbe flanges {Fuj. 2'J), as this an-augeniput, if the girder were sctuallf 
riyid, would distribute the stress uuifurmly over the Eection. 



nj 29 




In trough sbnpcd flanges this is not possible, as the eentre of figufo 
lies too close to the homontal flange -plat us to allow of the pin l)ting 
iuserted there, ftud it is of neceaaity pot farther from the outaides of 
the section. 

The result of this is that the interBity of the stress is greater on fho 
insides of the section A A, than on the outsides B B, 

This inequality in the intensity of the stress is however rudely com* 
pensated by the ineqnnlity in the oppoditd direction caused by the 
actual bcndiiig of the girdei", which inci'casi.is the intensity of the stress 
at B B and relieves it at A A. 

A form of flange adopted by Mr. Bcilly, C.E., allows of the pina 

being placed at the centre of figure (Fio. 30), (M.I'.I.C.E., p. 391, J 

Vol. XXIV., and U.l.n.lt. p, 7.i). ^ 

Fu). 30. 



'^T^Btti 



(7) Where pins nre used, the cfTectivc depth oftho girder is evidently 
the vertical distance from centre to centre of the pins. 

rmntfrapha 6, a and 7 iiiijily nlso lo Um forniB or braced ginlen, deecribeil p. 171, rt tri. 

AnvAMAOEs or BcACEn GmuEEa. 

In two girders of the same depth and span, aad equal strength, the 
braced K''der is somewhat lighter, while it does not appear to be less 
stiff (l?./.B./^., p. 82and68; S.T.S.,-p. 14i, Vol. I.). 

Bat from the nature "i the construction, the braced girder may have, 
and usually has a gi-eattr depth in proportion to span, and the saving 
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of metal Uius eJfecfced in the flanges more than compensates for the 
increased weight of the web (U.LBM,, p. 83). 

Moreover, it is often possible to employ in the webs of braced girders 
a higher quality of iron than the plate iron used in continnous web 
girders, and this again results in lightening the structure {UJ.B.B.f 
p. 82). 

These girders also offer much less obstruction to violent winds than 
plate girders. 

They have been used in this country up to 326 feet in length, but it 
seems doubtful if any advantage, beyond that of appearance, is gained 
by using them for less spans than 70 feet. 

Braced Girders of the Form Shewn in the Figures, 

The form of girder shewn in Fig. 31 is suitable for a dead load, 
symmetrically applied on the bottom flange. In this case, the inclined 
bars are in tension, and the vertical b^rs in compression, the stress in 
both being constant. 

Fig. 31. 




Where the load is on the top, and it is required to apply any part of 
it at the centre, an additional vertical bar should be inserted to receive 
the central load, and tmnsmit it to the lower apex at the centre of the 
girder. In this case, as in the last, all the inclined bars are in tension, 
and the vertical burs in compression. 

Fig. 32. 
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When these forms of girders are subjected to a moving load, some of 
the inclined bars come under compression in certain positions of the 
load, and these must be counterbraced. The chief advantage of this 
form, viz. : that the compression bars are made as short as they 
possibly can be made, is then lost, and to retain it, it becomes necessary 
to insert in each rectangular compartment, except the two at the ends, 
a second tension brace crossing the first, both being so constructed as 
to be incapable of resisting any appreciable amount of compression 
without buckling. 
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It aaj be nid. that tbew 
are coinpelent to take np 
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bacUii^, 



and that, oovaeqnentlj, the diatribntion of the streaees in ti 
aDccrtttin. Tina, bowerer, can onlj be true to an nnimpartBat extent, 
' httr can be got rid o^ bj jab " 
a ibewn is Fi^. 85, the joint 



1 even f 
bnoM in the middle, aa ibewn is Fi^. 35, the joint being made pnr- 
Mntel; Imae, ao that aa aoon aa conipccaaJon cornea on the bar, the 

j"iat jrielda. 



Fig. 35. 
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Probftbljr the ftimpleBt waj of ascertaining the stresses in tite braces 
of gin\en of these forms, u by forming tables similar to these already 
f(ivon for the lattice girder, tho atrefises in the booms being ascertained 
eillior by tables, or by tho method given for lattice girders (p. 166). 

The l>mccN cnn, however, bo dealt with in a way very similar to that 
(riven at p. I'iO, for the lattice girder, Icnown as I^tham's method. 
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EXAMPLE n. 

Determine the stresses in a braced girder of the form shevin in 
Vig, 36, the rolling load being on the lower boom. 

Taking the load as distribnted in a manner similar to that in the 
lattice girder (Example I.), and making the same supposition as to each 

Fig. 36. 




apex being hinged, as well as loaded fnllj while that in front of it is 
not loaded at all, Tables XII. and XIII. are formed, and from them the 
maxima stresses in the braces can be ascertained, in the same manner 
as in the lattice girder. 

The stresses in the booms can also be ascertained by similar tables, 
or, they can be calculated in the manner fully described at page 166. 

EXAMPLE m. 

Determine the stresses in a braced ^rder of the form shewn in 
Fig, 37, the rolling load being either on the top or the bottom boom. 

Fig. 27. 




Making the same assumption as in Example 11., TahUa XIV. and XV. 
are formed for the braces. 

They show that the stress in each brace, though different in amount, 
remains the same in nature in every condition of the load, and that the 
maximum stress is produced, when the girder is fully loaded. 

The dead and live load may therefore be considered together. 

The stresses in the booms can be ascertained by similar tables, or 
they can be calculated in the manner fully described at p. 166. 
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TRUSSED BEAMS, EOR TKAVElLEIiS, 
PUKLINS, TLOOR GIRDERS, &c. 



Small braced beams (sometimea iijiperfectly brncpd) jirc frcqueully 
URCtl for travullem, and for purlins wliere tbe roof trasses nrt sufRi;ietilly 
far apart to require it, and less frequently for floor girders. 

Tkavei-lers. 

la this caso, the load consists of a crab with a. hetivy BUfipcndcd 
weight capable of being inched along the traveller from end tn end, 
and the moviug load bears so large a ralio to the weight of the 
traveller itsflf, tlml the latter may without serioiis error be omitted iu 
the calculation. 

Tra%'eUers neunlly take one of the forms shewn in Figs. 1 to 5, those 
shewn iu Fiys, 2 aaid i being impei-feotly braced, and the ordinary 
eonstruction ia to make tho beam of a Inlk of timber, tlio struts (^ 1 
timber or cast iron, and the tension bara of wrought iron. '^ 




Z^ 



When the load is inimc<1iate]y ovei' a stmt, the beam is under direct 
Mm])rcsNion only, aud to nscortaiti the valucB of tlic dillorent stiCHBcs 
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in this condition of the load, the simplest way for fomis 1 to 8 is to 
forni tables similar to those already given for lattice, and other 
girders, and for forms 4 and o, which are in fact bowstring beams, to 
use Professor Clerk Maxfveirs method described under the head of 
" Bowstring Beams" (p. 182). 

When the load is between the struts, it produces a transverse stress 
on the beam, and a compression is produced on the upper fibres of the 
timber, far exceeding in intensity the compression produced in the first 
mentioned condition of the load. 

It becomes necessary therefore, to ascertain the value of this com- 
pression in that condition of the load, which gives it its maximum 
\'alue. I.e., when the load is at the centre of that length, and to provide 
for it, as well as for the direct compression transmitted by the braces 
in that same condition of the load. 

EXAMPLE I. 

It is required to truss a Memel (Scotch fir) balk, 12" square, so that 
it may form one of the beams for a traveller, to carry a single load of 
4 tons, I.e., 2 tons on each beam. 

The traveller is to be of the form shewn in Fig. 6, which gives the 
dimensions along the lines of stress, or mean fibres of the parts. 

Determine : 

(1) The stresses on the different parts, when the load is over either 
of the struts. 

(2) The stresses on the different parts when the load is at the centre 
of the beam ; and whether the timber is competent to resist the stresses 
on it in that condition of the load. 

(3) The approximate deflection, when the load is at the centre. 

(4) Tlie deflection, if the beam had been untrussed and the load at 
the centre. 



Fig. 6. 
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(1.) The stresses on the different parts, the load W being at B or C. 
Table I. Compressions + : Tensions — : n = Cosec. t. 



Effect of load 


oil 
AE 


on 

BE 


on 
BF. 


on 
EC 


on 
FC 


on 
FD 


When at B 

>t » c 


-f Wn 


+ W 


nil 
-iWn 


nil 


+ w 


-i Wn 
-fWn 
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Tabic II. Corapressions + : Tenaiona — : m= Cot. i. 



Effect of load 


AB 


BC 


CD EF 


When at B 

.. .. c 


+ i wti. 

+ i Wm 


+ |W», 
+ 1 Wm 


+ § Wm 


-JWm 
- jWm 



(2.) The streBSca on the differpnt parts, tlio load W being at the centre 
of the beam, one half of it being transmitted by the timber to B and C. 

Table III. Compresmon + : Tension — : n = Coseo. i. 



Effect of load 


on 

AE 


BE 


BF 


e"c 


FC 


on 
FD 


AtB 
Ate 






nil 


-*.r" 


+ tw 


-iW„ 


Total 


- iw« 


+ fw 


- jWn 


-JW. 


+ !W 


-iW» 



Table IV. Oompreaaions 


+ : Tensiona — : n 


= Cot. v. 


Effect of load 


AB 


B°0 


CD 


EF 


AtB 

AlC 


+ iWm 


+ S Wm 


+ JWm 


-iWm 
-jWm 


Total 


+ iW:» 


+ fWm 


+ !Wm 


-iWm 



i 



It ia seen on comparing Tables III. and IV. vith Tablea I. and II., 
that when the load is at Uie centre, the atresBes in the different parts 
are either the same or lees than they are when the load ia either at B 
orC. 

It ia olmona that it is nnneceaBary to consider the case of the load 
being between A and B or G and D, as the atreaaes must then be leas 
than in either of the previona cases. 

The intensity of the direct compression on the timber per sqnare 
I W cot. i _ i X 2 X 2240 X y . 



inch ia therefore -2 



141 



144 



- = 69Iba. 



The intensity of the compression dne to the bending, when 
the load ia at the centre of the beam is fonnd by eqnating 
the moment of flexure at the centre of BC with the moment 
W X BC _ foJ_ _ /,b>P, 



of resistance, 



' which, anbstitnting 



the vine., be»„» ?-Xi2«iLJi» ^/."'^"'n 

4 6 

whence /, = 467 lbs. per Rqnare inch. 
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lbs. lbs. lbs. 

Hence the total compression per sqnare inch = 69 -f 467 = 536, 
which gives a factor of safety = -y-nff- ~ 13» or the timber is amply 

strong. 

It wonld in fact be stronger than this calcnlation shews, as the beam 
is actually continuous, not hinged at the joints. 

(3.) The approximate deflection when the load is at the centre. 

The deflection of this kind of trussed beam may be approximately 
arrived at by supposing the timber to be replaced by wrought iron, of 
such a section that the intensity of stress would compress (or shorten) 
the iron to the same proportional extent, as the actual direct stress 
compresses the timber, and then treating the trussed beam as a beam of 
uniform strength and breadth, having a cross section of equal strength. 

The actual direct stress is 69 lbs. on the square inch, which woald 

., , 69 , 69 X I 

compresB the wood ^ I = j^^^^^^ 

This same amount of compression would be produced on a wrought 

69 
iron bar of 1 inch section by a stress = -y'^kt-wkk- ^ 29,000,000 (the 

value of E for wrought iron) = 1,053 lbs., say ^ ton. 

Substituting this value for /^ in the formula for deflection (p. 37), 
and limiting tne stress in the tension bar to 5 tons on the square inch. 

y- n-fA-fA)c» 

_ -5708 (-5 + 5) 2240 x 180^ « .oo • i. 
29,000,000 X 36 ^^ '''''^' 

(4). The deflection of the untrussed beam, the load being at the 
centre. 
This is given by the formula (page 36). 

EI 

__ 2 X 2240 X 180» ,00- 1 

- 6 X 1,900,000 X -^ X 12 X U^" '°^ 

Remarks on other Forms op Travellers. 

In the simpler form of traveller, Fi/f. 1, the greatest stress on the 
timber is produced when the load is half way between either support and 
the centre of the beam ; the greatest stress on all the other parts is 
when the load is at the centre of the beam. 

It IB not considered necessary to go into the details of the dimensions 
of the other parts and of the joints of these beams, as they are dealt 
with on the principles laid down and illustrated in Termon and Ooni' 
pre89ion Bars, and Joints and Fosterlings, 

It will be found, however, that the struts, whether of wood op iron, 
can hardly ever be made as small as their theoretical dimensions. 

When these beams are imperfectly braced, as in Fig, 2, and loaded 
with a moving load, the equilibrium depends entirely on the strength 
of the timber beam, for if the joints were really hinged, the equilibrium 
could not be maintained without the cross braces, and a load at B, 
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Kj. 7. wnnld canae the hinged structnpe to fail as shewn in Fi'j, 6, the 
timvcUer being finall; polled off its EQpportB. 

*Yy. 7. Fif. 9. 

W hen trnsaea. auch aa Fig. 9, are naed aa purlins, the loAd is nnifonolj 
distributed, and the cross braces may be diapeused with. 

In thin case the tup boom is reslJy a beam fixed at both ends, and 
supported at two intermediate point!<, the sections of greateat stress are 
at the ends, and at the intermediate points of support, where themomenta 
of flexure are equal to one another and to— ^ — ; the direct com- 

cot. t, irom which thn 

1 Example I. 



pression is uniform throughout, end ^ 
s necessary can be ascertained as i 



i 



Floor Gibdebs. 

These beams are seldom used for floor girders as the depth which 
can be given to the truss is naually so small, end (he stress on the 
iron work consequently so large, that it is betterto use wrought or cast 
iron instead of timber girders. 

As a means, however, of stiffening floor girders already in a buOdisg, 
this system of tnisalng is sometimes found nsefol ; the girder being 
jacked up from below, the trussing added to the girder, and the tension 
bars screwed up tight, the trussing being afterwards ludden by plaster 
or wood work on the ceiling below. 

It may also be found nsefnl for stiffening small timber bridges where 
the headway admits of it. 

It is sometimes reL-ommonded to set up the tension rods of this class 
of beam by means of the screws on the ends, until an artificial camber 
is prodnced equal to the calculated deflection. 

This is radically wrong, because, in order to produce the camber, a 
heavy stresB is put upon every part of the trass before any of the load, 
which it is intended to carry, comes on ; and this stress is simply so 
much deducted ^m its nltimate strongth. 

A natnralh cambered beam, if such can be obtained, should bs 
selected, as giving the required camber without any nnnecessary stress 
on the truH, 
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BOWSTRING BliJAMS. 



These beams consist of a curved or polygonal bow and a horizontal 
string, the bow being above or below the string as may be most 
soitable for the pnrpose for whioh the beam is required, and to the 
proper use of the material of which it is constructed. 

Thus, if the bow is of cast iron, it should be above (t.6., in compres- 
sion), but if of steel, it should, in order to elicit the full value of the 
material, i.e, to use it in the dimensions theoretically necessary, it 
should be below (t.c;., in iension), Figs, 1 and 2. 

Where the load is uniformly distributed along a horizontal Hue, as is 
nearly the case in aqueducts, or generally with dead loads, and conveyed 
to the bow by a great number of equidistant bars (^Fig- 3), it is easy to 
shew (page 180), that the proper curve for the bow, no matter what 
its height may be, is a parabola. 



Fig.l 



Fig. 2. 





Fig. 3. 




In this case the stress in the bow passes through the centre of figure 
of each section, there is no transverse stress on it, and consequently no 
bracing is required. 

When, however, the girder is subjected to a moving load, no one 
curve can be suitable for every condition of the load, and transverse 
stresses are set up in dilEerent parts of the bow as the load moves. In 
this case, the bow must either be made strong enough to resist them in 
addition to the direct stress upon it, or bo braced. 



leo 
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[ rSirOBJItT LOADED. 



The latter isthe simplernndiaoreaiivaatageons method of proceediaK I 
and the bracing gtinerally assDnif^s one uf two forms {Figi. 4- and 5}^ I 
the relBtiTB advantages of which, aa applied to any particular case, c 
only bo determined by a comparative calculation of both. 



Fig.i. 



Fig. 5. 



Tlie methi.id of calculating the stresses in the bovr and string of ■ 

firder, in which the load is taken as uniformly dis!ribut«d along ftj 
orizontnl line, is as follows, it being premised that the load is not, 
even in aqueducts, owing to the curve of the bow, accurately distributed 
in this woy, though it is sufficiently nearly so to allow of the calcoJa' 
tion being made on this assumplion withoat material error. 

Let Fig. (i represent a bowstring beam, loaded uniformly along the 
string, tlie load being trananiitt«d fo thE^ bow by a large number of 
equidistant vertical rods. 

Fii/. 6. 




Then the equilibrium of the part A D of the bow is mamtained by 
three forces, viz. ; the thrust at D, which owing to the load being 
symmetrical is horizontal, the weight of the load carried between A 
and G, acting through its centre of gravity, and the reaction at A, 
tangential to the cnrve ; and the directions of these three forces meet 
in a point. 

Draw D E horizontal, intersecting the vortical through W in E, and 
join A E. 

Produce A E to P. 

Then, by similar triangles, 

AG: AC :: CD: CP 



and A G = ^ A C, .-. CD 
cnrve is bisected by tbe cart 
only. 

To determine the stresses in the bow and string. 

Let to be the weight per unit of length. 



C F, le., the subtangent C F of the 
D, which is a property of the parabola 
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Let s be the half span. 
„ h „ rise of the bow at the centre. 

Then, as the forces acting at A are represented by the triangle AEG, 
in which E G is the load betwen A and C = w*, 

the tension in the string : w a :: AG : EQ : -^ : h. 

Whence the tension in the string = which is constant throngh- 

out the string, and is also the value of the thmst in the bow at the 
crown. Call this thmst H. (1) 

The thrust in the bow at A is represented by A E, {Fig. 6.) 

and A E = ^A G« + G E' = \/^l -f h\ 

4 

whence thmst at A : w$ :: /v/ -. -f y : A. 

and thmst at A = ^ v/^TTPT (2) 

At any point K distant x horizontally from the centre of the beam, 
the triangle of forces is K L M {Fig, 7), in which LM = u;a^, KM = H, 
and K L = thmst in the bow at K. 

Fig, 7. 




Whence, as KL8 = KM8+ LM3 

Thmst at K = y/ nfi ajS'-TfiP- \/ u^ ix? + ^^= 

J^^H^TT^ (3) 

It is nsnal, in designing beams of this form, to make the bow the 
arc of a circle, which, so long as the rise is not greater than | of the 
span, agrees sufficiently nearly with the curve of a parabola, and this 
has the advantage of simplifying the work to the workmaui and thus 
avoiding one chance of error. 

The formulae just given apply approximately to chains carrying a 
load uniformly distributed along a horizontal line, the thrusts becoming 
tensions, and the tensions becoming thrusts. 

EXAMPLE I. 

It is required to ascertain the stresses in the bow and string of a 
bowstring beam 6i the form shewn in Fig, 8, the load being taken 
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as VBrl][7a! and (iistribated unirormly along a Uui'iziiotal Hue and 
oouveyed to the bow by a lai'ga number of vertical rods, the effective 
epan of tlie beam being 48 feet, the rise or effective deptli at the ctuiire 
beiiig J the spau, und the loud 2 toDs per foot mu. 




^tMTIT 



Here, s^'Zi feet. 
w= 2 tons. 
h= 6 feet. 
Then from Equation (1). 

Tension in string = dirust at cTown=H=^^ = 

and at any point distant x horizontally from the centre, 

Thrust = / tt* 3? + B:'= y2^ X *« + 963 

Letj= 6 then thrust = 967tou8. 

«=I2 „ = 98-9 „ 

31=18 „ =102-5 „ 

!B=24, 1.8., at support; „ =107-3 „ 

The increase of stress from the crown fo the pier is rather Icsh than 
12 per cent,, and a uniform section may, if more conronieut, be adopted 
for the bow without seriona loss of metal. 

The stress in the string ia absolutely uniform, and an uniform section 
is proper for it. 

This uniformity of construction avoids the risk of mistake by the 
workmen. 

Bracbd Bowstbino Beaus. 

The simplest method of ascertaining the stresses in a braced bow- 
string beam, to carry a moving load, is by a number of diagrams, 
constructed on Professor Clerk Maxwell's method of the application of 
the principle of the polygon of forces, the results obtained being taba- 
lated. In this case, the bow may be of any furm. 

It ia known that if any number of forces act on a point, and 
are in equilibrium, they may be represented in magnitude and direction 
by the sides of a polygon drawn parallel to the direction of those 
forces, (aken consecutively. Thus, if ABODE, Fiij. 9, represent in 
magnitude and direction (the directions by means of the arrows) 5 forces 
acting on the point 0, and in equilibrium; tbey will also be represented 
by a polygon (Fig. 10) in which the sides are in the same order as 
those lorces, and the arrows point all the same way round the polygon. . 
Hence if any number of forces act on a point, and all but two are 
known both in direction and magnitude, and the directions of those 
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two are also known, their ma^itade and nature can be ascertained by 
laying down the known forces, and completing the polygon, by two 
lines parallel to the two forces, whose magnitude and nature are un- 
known. 

Fuf. 9. Fig. 10. 






Supposing, in Fig. 9, that A, B, and G are given in magnitude and 
direction, while D and E are given in direction only, then by laying 
down A, B, and G in succession as shewn, and drawing D through the 
end of G, and E through the end of A, until they intersect, the polygon 
is completed and the magnitudes of D and E ascertained. Putting 
now the arrows on D and E, taking care that they all point the 
same way roond the polygon, and that the arrows on Fig. 9 point the 
same way as in Fig. 10, the nature of the stress in each is also in- 
dicated ; thus, E points away from the point O and is a tension, while 
D pointo towards it and is a compression. 

The application of this principle is given in Examples II. and III. 

EXAMPLE II. 
BowsTRiNQ Beams. 

Determine the stresses in a bowstring beam of the form shewn in 
Fig. 1, l^late I., the loads being distributed, and having the values 
marked thereon. 

The figures above the bow represent the part of the weight of the 
structure, which is carried at the top apices, as in Example I., Lattice 
Oirder. Those below the string represent the dead and live load at 
tiie lower apices. As regards the live load, the same assumptions are 
made as were made in the Example just referred to (p. 155). 

It is to be observed that an unusual depth has been given to the 
beam in this example, for the sake of making the stress diagrams, 
which of necessity are on a small scale, easier to follow. 

The stress diaf^rams on Plate I., have the following significations : 

Fig. 2 gives the stresses produced by the loads on the top of the 
bow, which being permanently imposed, may be dealt with together. 
It is, perhaps, ha^rdly necessary to observe, that the loads on the top 
are not of necessity all equal, though they would almost always be 
svmmetrical on each side of the centre. (They would be different in 
the case referred to at p. 152, Fig. 51.) 

Figs. 3 to 7, give the stresses produced by each of the loads at the 
lower apices, which it is more convenient to deal with separately, 
because the same diagrams, by using a different scale, or by a simple 
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proportion between the dead and live loads, then answer for both the 
dead and live toads. 

To draw Fvj. 2, PlaU I. 

The external forcee acting on the beam are the forces F to F; (of 
which F and Fy, being carried directly on the Bupports, prodoce bo 
effect on the beam, and may be left out of consideratian), and the 
reaclioDB Bj and Rj, due to the remainder, P, to F^ inoluaive, which 
areeqnal to each other, and to half the snm of F, Fj. 

Commencing at A, there are (omitting F as already explained), at 
this point, three forces acting, viz., Bj acting upwards, and two forceB in 
the direotioEB of C] and Aj the vaiues and nature of which are unknown. 

Draw (Fig. 12 and Fig. 2, FtaJe I.), a b parallel to R^ making it 
represent Rj on any p^caio of parts. Taking the forces 
in succession from left to right, aa in Fi^. 11, the force 
next in order is C] ; draw b e parallel to Cj indefinitely 
throngh b. The triangle of forces will be completed 
by a line drawn through a intersecting b e ia e. \y 

Fntting on the arrows, all pointing the same way round tSe triangle 

Fiff. 12. 



Tigu 

'A- 




and marking tbom aleo on the figim of the beam {FiqAtTloAe I.) it is 
Been that the force C| acta away firom A, and ia, therefore, a tension, 
while the force A] acts towards A, and is a compression. 

Next, proceeding to the apex N. At this point there are foar forces 
acting, via., F] acting downwards, Aj alrrady ehewn to be a com- 
pression, and acting towards N, and two forces B, and A^ the values 
and nature of which are unknown. 

Zaj down (f^. IS) Fj acting dowawards^i a ; draw a c parallel to 

f^.13. 
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A^ and in the direction towards which it acts, and make a c=Ai ; 
inrongh c draw c e indefinitely, parallel to B^, the next force in suc- 
cession, and through d draw d e parallel to A^, intersecting c ein e. 

Then the polygon of the forces at N, is df a c e (f, and putting on the 
'arrows, first on the polygon, and then on the figure of the beam, it is 
seen that B^ is a tension, and A^ a compression. 

These two figures have been drawn separately, but, it is evident, 
that Fig. 18 may be superimposed on Fig. 12, and the same results 
obtained from one figure, with less chance of error from incorrect 
drawing. This is done in BHg. 2, Plate I. 

Next, proceeding to the apex B. At this point there are four for ces 
acting, viz., B|, C^, G^, B^, of which the first two are known. 

D^ing with these forces, for the sake of simplicity, in a separate 
figure, diiw {Fig. 14) B^, C|, both of which are tensions ; from b draw 
(/indefinitely, and through e draw e/, intersecting 6 /in/. 

Fig. 14. 




Then the polygon of forces is echfe, in which hf^=^C^ is a tension, 
and /0 = Bji a compression. This is also shewn superimposed on 
J^. 2, FlatB I. 

The same proceeding repeated with F^, Fg, F^^, in succession 

gives the stresses in the other bars and completes Fig. 2. 

But it will generally be better to commence the diagram of stress 
from each pier, and to close upon some central bar, in which case the 
effect of any small errors in drawing is reduced. As the same 'result 
for any bar should be obtained on whichever bar the diagram is com- 
pleted, a check is afforded of the correctness of the work, for should a 
different result be obtained for the closing bar working from the two 
ends, an error must have been made. 

When the principle of working out the diagram is thoroughly under- 
stood it will be found easier to lay off all the external forces, including 
all the reactions at once, taking them in the order in which they are 
applied to the beam ; thus, in this case ( Fig. 2, FloU I.) working round 

from left to right, Bj upwards, Rg upwards, Fg, Fg, F^ downwards ; 

in Fig. 3, Plaie I., B^ upwards, the load at F downwards, B^ upwards. 

This affords a check on the correct calculation of the re-actions, and. 
on the setting off of the forces, and is necessary, if it is proposed to 
work from both ends. 
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J'i^. 3, Plale I., for tlic dead load. 

ThiM diagmtn given the stresses in the various bars caosed bj a 
nmgh- ]i,tA. W, ftt F. 

In ihis <aae, the cjttcmnl forces are the force »t F, and the two 
rt-uctious Rj und R., which are respectively | W and ^ W. 

The diagram is drawn in preciaelir the same manntc as Fi^. 2, and 
it mny be ciimmenccd from each pier, aud closed upon any b^. 

Pvjf. 4 to 7 are drawn tor the other loads, to a fiimilar miinner, and 
tho raniaiainf; lines of Table I. are obtainod. 

An thin load is always on the beam, it ia only necessary to provide 
frir tfio difference of any tenxiuns and compressions pri)daced : and the 
rMalt.int stresiies dae tu the deiul load, are thus obtained (.Table I.). 

The li»e Ud. 

To anoertuiu the stretiseB dno to the live load. Table Xl. is formed, in 
w'lich tbv Btres§ua produced are obtained by a direct proportion from 
th«4e in Table 1. lii tliia case, for the sake of simplicity, the rolliug 
limd at each lower apex has been taken as twice the (lead load at the 
Mme apex ; and thci Rtrmses cansed by the loads from F to B, are simply 
dnalilo those in Tabic 1. These stresses mayalsobe oblaijied by direct 
mraiiaremont on the scale for live loads. 

A* tbo luadH may 1m.- ou the beam, at difiorcnt times, in sncb a way 
at to produce the niiucimum stress of each kind, it is necessary to 
provide for both ; aud the maxima stresses of each kind are acoord- 
injily obtained in Table II. 

l'.,iti.,K Tables I, and II. together, Table HI. is obtained, in n-hlch, 
by adding together the stresses dne to the dead load, and the maxima 
Htri'sses due to the live load, when the stresses are of the same kind; 
mid by deducting those due to the dead load, from the maxima 
strc'KSes dne to the live load, when they are of different kinds, the 
stresses of each kind which it is necessaty to provide for are ascertained. 

This table shews ; 

(I.) That there is a difference in this case of only 9 per cent, in the 
stress at the centre and end of the bow, which would allow of the bow 
being constrnet<id of uniform section, withoat serious waste of metal. 

(2.) Tliat fha strosses on the braoas are small in comparison with 
those on the bow and siring. 

(3.) That it is necessary to oonnterbraco most of the braces. 

EXAMPLE III. 

Determine tho stresses in a bowstring beam, of the form shewn in 
J'V^. 1, ri'ilc II., the loads being diatribnted, and having the values 
shown thereon. 

The figures at the top represent the weight of the structure itself, 
distribntcd on the different apices, as in Example I., Lattice Girder, 
thi)sc below represent tho dead and live load on the bottom apices. 
As re;.'nnls tho live lonil. the same assaniptions ore made as were made 
in the Kxuiiipiv jusl n.'feficd to (p. IhW). 



BOWSTRING BEAM WITH CROSS-BRACING. 187 

Of the internal bars or braces those which are vertical are to be 
constmcted to resTst either tension or compression ; those which cross 
each other are to be constmcted to resist tension only, and to yield to 
a comparatively slight compression. 

The stress diagrams on Plate II. have the following significations : 

Fig, 2 gives the stresses produced by the loads on the top of the bow, 
which, being permanently imposed, may be dealt with together. 

Figs, 3 to 7 give the stresses produced by each of the loads, on the 
lower apices, which it is more convenient to deal with separately, 
because the same diagrams (by using a different scale, or by a simple 
proportion between the dead and live loads) then answer for both the 
dead and live loads. 

In each of these latter diagrams some of the braces disappear, and 
these are the braces which, in the position of the load shewn in that 
particular diagram, are superfluous. 

To draw Fig, 2. 

The external forces acting on the beam are the forces F« to Fg (of 
which F and Fg being carried directly on the supports, produce no 
effect on the beam, and may be loft out of consideration), and the 
reactions Rj and Rgj due to the remainder F^ to Fg inclusive, which 
are equal to each other, and to half the sum of F^ Fg. 

Commencing at A there are (omitting F as already explained), at 
this point three forces acting, viz., Rj acting upwards, and two forces 
in the direction of C^ and A^, the values and nature of which are un- 
known. 

On the diagram (Fig. 15 and Fig. 2, Plate II ) draw a h parallel to 
R^, and make it represent R^ on any scale. Taking the forces in suc- 
cession from left to right draw b c parallel to Cj indefinitely through b. 
The triangle of forces will be completed by a line drawn through a, 
intersectii^ 5 c in c. 

Fig, 15. 




Putting on the arrows all pointing the same way round the triangle, 
and marking them also on the figure of the beam, it is soon that the 
force Ci acts away from the point A, and is, therefore, a tension, while 
the force A^ acts towards A, and is, therefore, a compression. 

Proceeding either to M, or to B, it is seen that there are, at each, 
three unknown forces, i.e., at M, the forces in the directions Bj, Bg, 
and Aj ; and at B, the forces in the directions Cg, B^, and Bj, and if all 
these bars were capable of acting both as tension and compression bars, 
the distribution of the stress in them would be indeterminate. 

As, however, the bars B^ and B.^ are purposely constructed to take 
tension only, and therefore yield, if called upon to act as compression 



bare, they become inconipeteat, and conscqaentlj- eaperflaoos in that 
case i and if it bo determined, in each positioB of the load, which of 
each pair of cross braces is in tengion, and which would, if it acted at 
all. be in compression, the superfluous bars arc known. 

Let it be snpoosed, first, that the bar Bj is the saperflnoas bar ; 
then at the apex B there are three forces, viz. Cj which is known, and 
C,, B„ which are onkuown. 

Fi'j. 16. 



Makee6=C, (Fuj.lG aiidJ^;;.2, HafeII.),and draw id indefinitely 
through b, parallel to C,. As this line actually covers e b, and passes 
throagh o, it is evident that a Hue drawn throngh c parallel to Bg and 
int^THectin^ ed can have no value, and, therefore, if B, is snperSQOus, 
Bj ia superfluous also, and Ci = Cj. 

On this supposition proceed to the point M, Here there aro four 
forces, via., F,, A,, which are known, and Bj, Aj, which are aoknown, 
(B] having been shewn to be Baperflnons). 



t^^ 




Make (fV^- 1?) ea=Vj, acting downwards, and a c=A|, already 
determined in Fig. 15, draw cf throngh c parallel to Bj, and throngh e 
draw e / parallel to Aj, intersecting e/ in / 

Pntting on the arrows, it is seen that c/=B, is a tension bar, 
and e/=Aj a compression bar, Bo that, if the bars Bi and B. were 
removed entirely, eqnilihiiura would be maintained with this load. 

For the sake of demonstrating more completely that B, and B^ are 
Bnperflnons with this load, let it now he supposed that Bj is removed : 
then at U the forces acting are Fj, Aj, known, and B,, Ag, nnknown ; 
and proceeding as befbie, the polygon of forces atMiseacy* (Fig- 18). 
in which e^sBi is a tension oar, andye=Aj a compression bar. 

i^. 18. 
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At B the forces acting are B^, C^ known, and Cg, B3 unknown ; and 
proceeding as before, the polygon lag obh g (Fig, 19), in which ^ ^ = B3 
18 a compression bar, so that if B^ were left out, B3 would be called 
upon to resist compression, and the beam would fkil. 

Fig. 19. 




Proceeding similarly for the other bars, and for each condition of 
the load, the rest of the stress diagram (Fig, 2, Plate II.) is obtained, 
and subsequently the stress diagrams for the loads at the lower apices 
CFigi. 3 to 7), as in Example IL, from which the Tables are formed as 
in that Example. 

Advantages of Bowstring Bridges, 

The following is extracted from Unwinds Iron Bridges and Boofs^ p. 77, 
'' The great practical advantage of the bowstring over other forms 
of girder results from the fact that the stress on its members is nearly 
uniform from the centre to the abutment. * There is a difficulty in 
girders of uniform depth in realising the best distribution of the 
material, owing to the great variation in the magnitude of the stresses. 
But in the bowstring bridge there is no great variation in the stress, 
and consequently there need be little variation in the section of the 
parts. With a uniform load the tension on the horizontal boom is 
uniform, that on the ties is uniform, and that on the arched boom 
increases from the centre to the springing by only 8 per cent, if the 
ratio of span to depth is 10 ; and by 12 per cent, if the ratio is 8. 
Hence if the section of all the parts were made uniform throughout, 
the excess of material above that theoretically necessary need not be 
more than 2 or 8 per cent, of the weight of the girder. In such a 
bridge, therefore, the bars and plates might all be of uniform dimen- 
sions from end to end of the span. The advantage of this from a 
practical point of view can scarcely'be overrated. lastly, as this form 
of bridge easilv admits a depth of l-8th of the span, we shall be pre- 
pared to find that it is a very economical construction.*' 
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LOAD ON ROOFS. 

The load on all roofa is partly pormaoent, and partly occaaioniil. 

Tho permanecht part of tfio load consists of tlio roof covering, and 
the framework supporting it ; and, where there is a coiling or otlier 
woight finch as ht-avy lanips cnrried by the fi-amewtirk, that weight also 
forma part of the penmiiient load. 

The occasional part of the load con^dsis in some countries of the 
'weight of a certain amouat of snow, and of the pressure of the wind ; 
and in other countries of the pressure of the wind only. 
Pebmasent Load oh Roofs. 

The weight of different kinds of roof covering, and framework, is given 
with Buffi«ieat accuracy for the pnrposeB of calculation in tho following 
tallies, wliieh arc compiled partly from various works and partly 
arrived at by an analysis of the weight of different kinds of covering. 
T A TILE I. 

L«ul ccvsring', includinslD^M, butnoitxMRllBaorrollH ... ... ,.. »t lb«. lo St lb*. 

Zinc coTeriEg. do. U lolO line gnu^s It „ 1| 

Corrugatad iron, gkliBDiied, 18 W.Q. ... ... ... ... 31 „ 

»W,'o.' ,'." .'." ,",' 3 ,■,' 

BbMt Iron, U W.a 4 ., 

., ww,o It „ 

Blatinff IilEi] xvitha 3 Isch tspfnclndin^ naSla, but not batt«fis or Iron Ihlha : 



Tdft, plain. II mcbeaxr mches, laid wiib a 3 Inoti lap and pointed with ... 
Tll», psD, 13) iccbM X H iachea, laid with B 3 inch lap and pointed Kith 

Tilea. Itahan (ridga tad ftu-iow) notineladingllii boarding, bat including 

nUKtM' and absorbed rain ... ... ... ... ... ... 14 „ 

Slate BaUena 1| inohaa x 1 Inch : 

For Doable* ... ... 1 „ 

Ii^ CoantMMS ... ... ... ... ... ... ... II „ 

Slate Boarding ( inch tbicic ... It „ 

It inche« " " '.'.'. V,'. 4} '.'. 

Wl-ou^t Iron Lathii, angle Irona, 
For Ducbeu Slates ... ... ... .- ... ... ... t „ 
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The following table of the weight of roof framing of iron roofs is 
taken from Unmn^a Bridges and EooJ's : 

TABLE 11, 





Clear 


Distance 


Weight per sq. foot ot covered area in Iba. 




Span. 


apart of 
Principals. 


























Of 


Of 


Total 


Total with 




Feet. 


Feet. 


Purlins.&c. 


Principal. 


Ironwork. 


covering. 


Trussed Roofs. 














Pent 


15 
37 


• • • 

5 


• ■ • 

11 


• • a 

3-5 


3-5 
4-6 




Common 1russ .. 


6-9 


ly 


40 


12 


2-0 


3-5 


5-5 


• • • 


>t 


54 


14 


6-5 


30 


9-5 


... 


9) 


55 


6| 


4-6 


7-0 


11-6 


• • • 


J9 


72 


20 


42 


2-8 


7-0 


. • • 


}9 


84 


9 


2-6 


5-9 


8-5 


• • • 


9» 


50 


10 


• • m 


. • • 


30 


5-2 


}} 


100 


14 


• • • 


• • • 


7-0 


9-0 


)) 


130 


26 


08 


66 


6-4 


80 


91 


140 


12 


. • • 


4-5 


• • • 


• • • 


Boumtring Boofs, 














Manchester 


50 
154 
211 


11 
26 
24 


• • . 

• • • 

• • . 


• • • 

4-9 
7-3 


9-6 

. • • 
110 




liime Street 


• • ■ 


Birmingham 


99a 

••• 


Arched Roofs, 














Small Corr. Iron . . . 


40 


• •• 


... 


• • • 


• • • 


2-5 


99 


60 


• • • 


... 


• •• 


• ■ • 


3-5 


Strasbnrg Rail .... 


97 


13 


.■. 


... 


120 


• • • 


Paris Ex. Large . . . 


153 


26 


9-5 


5-5 


150 


• • • 


DnWin 


41 


16 


3-4 


7-3 


10-7 


• • • 


Derby 


81^ 


24 


10-8 


60 


16-8 


a • • 


RjflAnlifLTn , , , , 


120 


* V C 


7-9 


3-9 


11-8 


■ C A 


99 


72 


■ • • 


8-4 


2-9 


11-3 


• •• 


St. Pancras 


240 

45 


29* 
14| 


7-4 
6-2 


171 
5-3 


24-5 
11-5 




Cremorne 


• • • 




a • a 



Occasional Load on Roofs. 
Snow, 

The weight of snow per cnbic foot varies very much both with the 
temperature at which it falls and with the time during which it is 
allowed to remain undisturbed. 

Snow, weighed at Chatham at different times in 1867, 1868, and 
1859, varied in weight from h\ lbs. to 10| lbs. per cubic foot. 



192 wisD. 

tn Ciiuadit itwna founil to wfiigli 141bs. 4Dza. onfalHng, 21 Iba, 4obb., 

24 hoore alter fttUiug, temperature 8° Fahr.SBlba. 10 018.72 hours after 
falling, temperature 30" Fahr. (Sir E. James' IhbUtkIwiis for tdkit^ 
Meieorolofficul Oheervalions, Appendix, p. SO.) 

As Bnow in this caantry is not likely when there is & BtroQg wind 
to aecomulate on a roof to a greater depth than <3 inches, it does not 
eeem necessary to make a greater allowance on this account than 5 Iba. 
per superficial foot of horisontal surface covered. It is necessary to 
increase this amount in countries like Canada where the enow storms 
continue for a longer period than tliey do in this country, and it roast 
be remembered also, tliat in such countries snow is frequently very 
nneqoaJly distributed oyer the roof. 

WmS. 

The action of the wind on roofs is not accnratcly known. 

The action of a horizonbil wind on inclined sur&ces may be deduced 
with cODsidorable aecamcy from Hu (ton's esperimcnts {Button'* 
TrcKlt, No. 36, Whirling Uacliine, Vol. III., p. 163), anil the maximum 
horisontal force of the wind in this country during n number of years 
is known,* ao that if the wind wore always horizontal the EogiDeer 
would have precise data for dosigniDg- his roof. 

While, however, it is certain that the wind does not always blow 
horieontally, the limits of its deviation from the horiasontol are not 
known, nor is it known to what extent its force when deflected from 
the horizontal, differs (if it does differ), from its measured horiioutal 
force. 

Under these circnmstances the Engineer can only follow one of two 
courses. 

copy roc 
long time to justify a^lief that they are safe. 

2Dd. He may from the information available draw his own concla- 
eions as to the amount of the wind force which it is advisable to 
provide against, and base his calculations npon them. 

The assumption most commonly made by Engineers in this country, 
until comparatively lately, has been that suggested by Tredgold 
(T.C., iootnote, p. 98, editioa 1840), which ia, that the wind and 
snow together may be taken as eqaal to a oniformly distributed 
vertical load of 40 lbs. per square foot of horizont^ surface covered. 

This assumption not only neglects altogether the horizontal effect of 
the wind, but makes the vertical effect the same, whatever the pitch of 
the roof. 

* The follnwlng ii an eiasct of a latlor l^om tbe AgtroDoiiicr to tho iieney Docks Estate to 
lie Dock Secrtlnry, in rqiilj Vo b loUer from mjaclf requcaljng iutoniatiuu aa lo tho maiunnm 
force oFUia wind recorded at tbe Jersey Docks ObBerrat^Ty: 

" ^'rlnlmd, Jantarg BO, WO. 
" Our AnemcnnctOT rocorde extend from (he commeDeemei^t of 1352, 

" The largcAl presBureft havcoccurred pinco "T1 bate beoQ at Di^lntoti. Yon wlU Ihid by my 
Weekly KoporLa lliat on the i7\h December, IS08. the preiuure n^x W iionuda on Itae aquare foot, 

Tha jnTaWM prraani-e Lnjioiindf |*r!«iTiB.iTfcxitrocordoi3 HtlheB(ir»]0b607VBlory, Oroenwich, 
during ihe S >ean enclios liccemlier. IMT. was U luunda.— U. W. 
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It is 80 manifestly erroneous that it is useless to base any mathe- 
matical calculations upon it ; and if no more correct assumption could 
be made, it would be better to leave such calculations alone, and copy 
existing roofs. 

For any span likely in the present day to be executed in timberi 
there are sufficient examples of roofs which have been in existence long 
enough to justify a belief in their permanent security, and it may be 
inferred that Tredgold's assumption, and the factor of safety allowed 
for the ma^rial have together been, in their case at any rate, sufficient 
to cover the stresses actually produced. 

The same may perhaps be said of the smaller iron roofs. 

The Engineer may safely imitate or copy the timber roofs and 
probably the smaller iron roofs. 

With iron roofs of the largest size this is not the case. The intro- 
duction of large iron roofs is of comparatively recent date, the conditions 
of stress in them, owing to one end of the roof being left free to move 
as the metal expands or contracts, are difPerent from the condition of 
stress in timber roofs, and it is not safe to assume, that, becanse 
Tredgold's assumption has been sufficient to give security to timber and 
small iron roofs, it will do so equally for large iron roofs, which may 
in no case as yet have been subjected to the maximum measured hori- 
zontal force of the wind. 

For the smaller timber roofs, such as Couple and Collar beam roofs, 
it is unnecessary to make any calculation, as no material economy is 
likely to be effected by them (Tables, p. 197, and 199.) For the larger 
timber and small iron roofs of the ordinary form the Engineer may 
also adopt the dimensions already proved so far to be sufficient. 
(H.A,S.U,, p. 26, 27). 

But even for the larger timber and small iron roofs, and certainly for 
large iron roofs it is worth while to consider the effect of the horizontal 
pressure of the wind. 

It has been shown already that, during a period of 18 years in a part 
of England notoriously liable to heavy gales, the maximum horizontal 
wind Force has reached 80 lbs. on the square foot, and that during one 
hour its horizontal motion was 92 miles, which by ilie ordinary rule 
for reducing velocity to pressure* is equivalent to a presnre of 42 1- lbs. 
It has also been shown that at the Royal Observatory, Greenwich, the 
Trufrimntn horizontal prcssurc reached, on one occasion in 5 years, 
41 lbs. on the square foot. 

It may then fairly be supposed that the maximum horizontal wind 
pressure to which any roof is likely to be exposed for any length of 
time, does not exceed 42^ lbs., and that the absolute maximum horizontal 
wind pressure to which a roof may be exposed momentarily and at long 
intervals of time does not even in the most exposed situations exceed in 
this country 80 lbs. 

If in order to allow for the possibility of the wind being deflected 
into a direction normal to the roof, without losing any of its force, the 
horizontal wind force be taken at 50 lbs. per square foot, and if the 



* The square of the velocity in miles per hoar mnliipUed bj -005, gives the pressure in Ihs, 
per square foofe^ or v* x *006 s p. 
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intensity of the stress in tbo parts oi the frame be limited in timber to 
^th of tho ultimate strength, and in wrought iron to 6 and 5 tons per 
square inch in tension and compression respectively, the effect of the 
tnasimani pressure acting for a very short period of time, and very 
occaaionally, will be in moat inataucea to increase the stressea in the 
TDBin bars iroTa abont 20 to 30 per cent., an increase which the material 
can bear without injury for a very short period, while the increase in 
the smaller bars, thoagh much larger in proportion, ia still absolutely 
Bmall, and may be met by increased quantity of metal in tbcm. 

In some forms of roofs the effect may be to alter tbo nature of the 
stress, and bring tension bars into compression, but even here the 
oompression wilt be small in comparison withthe tensions which these 
bars are intended to bear, and the bara will be strong enough to resist 
it. This is illustrated in the eiunaplc of a bowstring roof. 

ACTIOH OF A HOEIZONTAL WlKD OH AH IhCLIHED SuEFACE. 

The following ia taken from Unifm'i Iron Bridges and Koofr, p. 120, 
with the exception that 50 lbs. horizontal pressure is snbstituted for 
40 Iba. which he considered sufficient to provide against. 

Let P be the intensity of the wind pressure ia lbs. por square foot, 
on a snrfacQ perpendicularly opposed to it ; i the inclination of any 
plane Burfaco to the wind's direction. Then the intensity of the pres- 
sure normal to the surface will be: 

P, = Psin ;i-s» «".*.-!. 
Thaa ^ 

P.=P»cosec (. = P (sin. O"'' ^ 

HvUoiCi Tract gives 

Ft = Psin. 0'^°°*'' 
,'. P. =Psin. (i-Mw*!-— I. - 

The component of that pressure, parallel tothe wind's direction, will 
have the intensity ; 

Pi= F Bin. t iMooii. 
The compcment perpendicn^ to the wind's direction, the intensity 

P, = Pcot.iain. il-Mo»*. 
That is, if the wind blows horizontally, Pi is the boniontal and P» the 
vertical component of the pressure on the roof. Pntting P ^ 50, the 
following values of the nonnal pressure and its components, for varioua 
inclioations of the roof sur&ce to the wind, are obtained : 







Lba. fa iqure n»t of mifliee. 


le of Root 


P. 


P. 


6° 


6-3 


61 


10 


121 


12-0 


20 


22-6 


21-3 


30 


330 


28-5 


40 


il6 


Sl'9 


SO 


47-6 


30-6 


60 


600 


260 


70 


61-3 


17-S 


80 


60-5 


88 


90 


SOO 
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The inaccuracy in the Yalues of P» for 50% ^^, and 70% is caosed 
by their being derived from an approximate formula. 

Natubb of the Wikd Pbissube. 

The wind pressure is essentially a live load, varying from moment to 
moment both in force and direction, and often constituting absolutely a 
suddenly applied load. But it acts in precisely the same manner upon 
the anemometer by which its force is measured, and the effect of its 
sudden application is therefore included in the recorded pressure, that 
recorded pressure being the effect which would be produced by a dead 
weight of that amount. 

Load to be Pbovided fob. 

In designing a roof it is recommended that the following loads should 
be provided for in this country. 

1st. Weight of roof covering, framing, ceiling, or other weight. 

2ud. 5 lbs. of snow per square foot of horizontal surface covered. 

Srd. 50 lbs. of horizontal wind pressure per square foot of a vertical 
snr&ce directly opposed to it, acting on either side of the roof. 

In other countries the snow and wind pressure should be taken from 
local observations, and in sheltered situations the wind pressure may 
perhaps be reduced. 

DiSTBIBUnON OF THE LOADING. 

The distribution of the loading on the different points of the sup- 
porting framework depends upon the construction of the roof. 

Figa, 1 to 4 



/Vi 





riys 




196 



CIBTRrBcTt&K OF TRB LOAHIKC. 



In roora with two piano sides where tho Bnpporting framework con- 
eiata of tniBaes at intervala (Figg. 1 to 4) connected by bomont-al 
beams (parlina, pole-plates, riiigo boajyla), reating on. or very close to 
the joints of the trasses, and on which the common raftflrs iininod lately 
Bnpporting die roof covering rest, the diatribntion of the load on the 
framework varies with the number of horizontal beams. 

The common rafters being nearly in the condition of continuous beams, 
the part of the load bome on the points of support may be taken as 
shewn in F'ga. S to 8, where W is the load on one aide of the roof, oud , 
*he distances between the points of support a 




Or, each point of support may, without serious error be taken oa 
carrying the load on a part of the roof, from centre to centre of two 
adjoining bays. 

Where the roof covering rests directly on the horizontal beams, each 
such beam carries the load on a part of the roof from centre to centre 
of two adjoining bays, and where there are a aomber of purlins close 
t«gether the same diatribntion may be taken. 

In roofs of the bowstring form, the horizontal beama being supported 
at the joints of the trnss, and the common rafters, where there are any, 
not being continnons, each beam supports the load on a part of the 
roof from centre to centre of two adjoining bays, i.e., from A to B is 
supported at D, from B to C is supported at E {Fig. 9.) 

Fiy.9. 




SINOLE SPAK OR COUPLE ROOF. 
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CONSIDJCRATION OF DiFFBRBNT KiNDS OF RoOFS, 

SiNQLi Span, or Couple Roof. 

This kind of roof (Fig. 10) may be used for permanent buildings 
where the span does not exceed 12 feet, the feet of the rafters being 
usually tied together by the joists "which carry the ceiling. Where 
there are no ceiling joists or other tie, there is in every condition of the 
loading an inclined thrust on the walls. Where there are ceiling joists 
or other tie there is an inclined thrust on the walls, only when the 
wind is blowing on one side of the roof. 

For spans of 12 feet and over, it is better construction, with a view 
to ensure an undeflected ceiling, to insert binders or transverse beams, 
tying the wall plates together at intervals of 10 feet to carry ceiling 
joists running longitudinally, the binders being supported in the 
middle by a light iron kini? rod (Fitj. 11), and it is also better con- 
struction for spans of 14 feet up to 18 feet to insert a collar half-way 
up the rafter to stiffen it (tig, 12). 



Fig. 10. 



jF^. 11. 



Fig. 12. 






The scantlings proper for this kind of roof, the timber being good 
Baltic fir, i.e., the timber of the Scotch fir (PintM Sylvestris), are given 
in Table IlL 

TABLE lU. 

Single span or couple roof, rise ^th span, slated with countess slates 
on boarding. 



Span from 

centre to 

centre of wall 


Rafters. 


• 

Ridge 
Board. 


Ceiling 
Joists. 


Remarks. 


plate. 










8 feet. 


2| X 2 


7 X IJ 


4x2 




10 „ 


3i X 2J 


7 X li 


5x2 




12 „ 


4 X 2i 


7 X 1| 


6x2 


• 


14 „ 
16 „ 
18 „ 


4J X 2J 
6 X 2J 
H X 2i 


7 X li 

8 X IJ 
8 X IJ 


7x2 
8x2 
9x2 


") These epane 
shofuld bare a col- 
lar, but in that 
•caae the dimensions 
Riven in Table IV. 
for them may be 

J used. 



COLLilB BIAH BOOT. 



When A binder is used, its deflection between the points at which it 
is Bnpporled aliould not exceed ^giuch per Toot mn of the lengtb between 
the points i}f support, i.e., -^ inch multiplied by half the spaa in feet, 
nnd it may be cnlcnliited as a bi^iim supported at buth ends, having n 
cleur loiigth equal to half the span, loaded with a miifurmly distri- J 
buted load, consisling of a lengtb of the ceiling and ceiling joists 10 i 
feet long and hnlf the ppnu broad, tidded to half of its own weight. 

The thioknesB of walls of properly constructed boaaes is noceasarily ] 
determined by other considerations than thiit of mero iitabiJlty, such aa ^ 
keeping out the rain, heat or cold, and they nre always more than 
sufficiently strong to rt'sist tlie thmats above mentioned with the given 
limits of span. It is therefore not com^idered necessary to give methods 
for dolcrmtning the thlcknefia of the walls. i 

If the load or strength of the limber is known to vary fror 
referred to in the tables, the Engineer cau have no difficulty in a _ 

lor the diSerent circumstances, aud for any special case it wiU ba 
sufficient to treat the rafters as a beam supported at both ends, loaded 
with a uniformly distributed luad consisting of the component, normal 
to the roof, of the weight of the roof covering and framework, snow 
and wind pressui-e, and ha^-ing a. deflection not txcofding ^ inch per 
foot run of length of rafter. 

Collar Beam Roof. 

This kind of i-oof (Piy. 13) is used for spans over 12 feet and not 

exceeding 18 feet, the ceiling being carried on the underside of the 

rafters and collar, and the collar being sometimes suspended from the 

rid go board. 

fiy. IS. Fig. 14. 



J 



The ordinary position of the collar is half way up the rafW, it being 
intended lo act as a snpport to the middle of the rafter as well as to 
carry the ceiling. So long as the wall does not yield to the tbrnet, it 
actually performs this duty, bnt if the wall yields, the collar is bronght 
into tension, and the raft«r, in addition to being deflected by the dis- 
tributed load, is farther deflected 1^ the tension of the oolW applied 
at the centre of its length. 

The result is that the root gets out of shape and assnmes the form 
shown in Fig. 14. 

It is not advisable therefore to use this form of roof on wooden hnts, 
unless the plates are prevented spreading by a tie, or on any building 
where the walls cannot be depended upon to resist the thmst without 
yielding. 

Where the waUs are of the ordinary thickness, they are able to resist 
the inclined thrusts without a tic, and this roof has then the advantage 
oF economy by lessening the height of the wall necessary for a given 
height of room. 
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The scantlings for the ordinary conditions may be taken from the 
following table, the timber beinpf good yellow fir, i.e., the timber 
of the Piniu Sylvestris, 

TABLE IV. 

Collar beam roof, collar half way np, without a tie, rise |th span 
slated with countess slates -on boarding. 



Span from 














centre to 
centre of wall 


Riifter. 


Ridge. 


Collar. 


Remarks. 


plate. 














8 feet. 


3 


X 2 


7 X H 


2 


X 2 


"^ 


10 „ 


8i 


X 2 


7 X 11 


2^ 


X 2 


In these tpiiiis 

it is not necessary 

"to nse the collar 

except to carry the 


12 „ 


4 


X 2 


7 X 11 


31 


X 2 


ceiling. 


14 „ 


3 


X 2i 


7 X IJ 


4| 


X 2 




16 „ 


H 


X 21 


7 X 11 


5 


X 2 




18 „ 


4 


X 21 


7x1^ 

i 


5| 


X 2 





If the load or strength of the timber is known to vary materially 
from those referred to in the Table, the Engineer can have no difficulty 
in allowing for the different circumstances, and for any special case the 
rafter may be treated as a beam supported at both ends, having a 
length equal to half that of the rafter bet«veen ridge and wall plate, 
loaded with a uniformly distributed load consisting of the component, 
normal to the roof, of the roof covering and fi-amework, snow and 
wind pressure, and having a deflection not exceeding ^th inch per 
foot run of half of the length of the rafter. 

Framed Timber Roofs. 

Framed roofs are used for spans exceeding 18 feet. In framed 
Toofs of the best form, each part of the framing with the exception of 
the tie beam, where there is a ceiling, is under compression or tension 
only, and not under any transverse stress, except what is due to the 
weight of the part itself. 

To ensure this, it is necessary that the purlins should be placed over 
the joints of the principal rafters with the braces or struts {Fig, 15), 
and it is better also, in order to avoid unnecessary transverse stress on 
the tie beam, that the junction of the principal and tie beam should 
rest on the wall {Fig. 15). The braces or struts should also be in- 







rRAUBD TIVBRR B00F8. 

cliaed downwards m marh, and rt-et on tho kitig post as low 
possible {Fiy. 15). The enda of the tie beam Bhould not be boill 

the walla, and veutilatio:i should bo eecured iill through the roof. 

Fig. 15. 

I Thci form of tmsa to bo used for any given span may be determined 

I liy con(jidonn<*, 1st. Tbnt it is not desirable to fa&vc the parts uF tlio 

L principBila between the points of anjijxirt bo 'onp that ihere is any ten* 

doncy to baokle under the thrust. 2nd. That the dJaUnce apart of the 

parlins shall not be so great as to make the pnrlins and common rafters 

nueconomically large. 3rd, That the points of snpports of the tie 

I beam shall not be so far apart, as to render it nil economically large. 

Experience shows that these three objocts are attained by limiting the 
distanoQ between the points of support oa the principal ratWr to abiiut 
8 feet. 
In deaigninif a roof for any span, it is only necessary to determuiC^' 
the k-n^th of the principal raltrr, divide it into lenjjths not t-iecfding 
8 feet each, and put in a etrnt at each of tlieae divisions. 

The king post roof 'would thus be applicahle fur a roof, with a prin- 
cipal rafter 16 feet long, i.e., for a span of about 30 feet The qu^'Sn 
post wonid be applicable for a roof with a principal rafter 24 feet long, 
or about 45 feet span, after which roofs of the form given in Fijs. 3 
and 4 must be used. 

The Rcantlinga of the different parts in ordinary nse are given in 
Hurst'i Tredgiild'$ Garyentry, Hunt's Handbook, p. 26, and in books of 
Engineering Formulm. 

The stresses on the different parts of a perfectly braced roof frame 
can be ascertained by diagram by Professor Clerk Mazwell'H Method, 
already explained at p. 182, and appbed in the following ezitmplcs, a 
perfectly braced frane being one in which the bars composing the 
frame divide it completely into triangle.s. Thns Fi'ji. 1 and 4 are 
instances of perfectly braced frames, while Fiya. 2 and 3 are instances 
of imperfectly braced frames. 

The only limit to the ftp|>lication of the method by which the fol- 
lowing examples are dealt with is that there should be no supei-fluous 
braces, bnt it may be extended to cases where there are snperfluoas 
braces, by con<<idering in each onse which braces are superfluous and 
GDpp<«ing them to be actually absent, as already done in Example 111., 
Bowetriity Beams. 



^ 
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EXAMPLE I. 

Determine the maxima stresses, and the dimensions of the timbers 
in a king post tmss of Scotch fir, having a ceiling on the tie, nnder the 
following conditions : 

Clear span from centre to centre of wall plates, 28 feet. 

Rise of Roof = \ span. 

Distance apart of trusses, 10 feet from centre to centre. 

Purlins, pole plute and ridge board placed directly over the joints of 
the truss ; and the common rafters continuous from ridge to polo plat^. 

Roof covering, countess slates on f bparding, on fir common rafters. 

Snow, 61bs. per square foot of horizontal surface covered. 

Wind, horizontal, and having a force of 50 lbs. on the square foot 
of vertical surface directly opposed to it. 

Bemarks. 

The distance apart of the trusses is about that in ordinary use for 
timber framed roofs, this distance allowing the trusses to rest directly 
ou the piers between the windows of an ordinary building. They 
should not be placed over the window openings. 

The rise or pitch of the roof is the usual rise given in this country to 
slated roofs for dwellings in ordinary situations covered with countess 
slates. 

In very exposed situat.'ons this pitch is not enough to prevent the 
rain drifting up under the slates, and it is then better to gpive a greater 
pitch, or use larger and heavier slates. 

Iron roofs frequently have a pitch of one-fifth of the span, but it is 
evident that the pitch should be governed by the covering, and the 
purpose for which the roof is required. 

For railway stations and other roofs, where a slight occasional leak 
is of little importance, the smaller pitch may be used for the sake of 
economy. 

For the pitch of various kinds of roof covering, see HursVs Tredgold^B 
Oarpentryj p. 148. 

Preh'mifiaries. 

Weight of slating, boarding, common rafters and framing (p. 190), 
= 15i lbs. 

Wind pressure, horizontal, 50 lbs. per square foot of vertical surface, 
which produces a normal pressure = 30 lbs. per square foot. (Table, 
p. 194). 

Then constructing an approximate drawing of the roof truss (Fig. 16) 
the length of rafter is 16 feet, and the total weight on one truss is as 
follows: « 

Roof covering, Ac. ... 2 X 10' X 10' x 15^ lbs. = 4,960 lbs. 

Tie, ceiling, &c 28' x 10' x 12f „ =3,570 „ 

Snow 2 X 16' X 10' x 4^ „ = 1,440 „ 

Wind (normal on one side) 16' x 10' X 30 „ = 4,800 „ 
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The common rafters being coTttmnotiB &om pole plate io ridge, theM 
forces are distributed as follows : 



Boof covering, &o-A= 465 Iba. at A and B; ^. = 1,550 Ibe. at 



»ndD;~=9301bB.atE. 
Tic, ceiling, 4c ^^ = 669 lbs. at Aand B; A = 2,231 lbs. at F, 
450 lbs. at C and D J 



=3,000 Ibs.at Cor D;y^=9001b«. 



Snow, -i = 135 lbs. at A and 
270 lbs at G. 

Wind, 1= 900 Ibfl. at A or B 
at E, according as tbe wind is &om the left or the right. 

Gonstmct a diagram to any convenient scale, consisting of a line 
Jcnniag the centres of the abetment of the principal rafters, and of other 
lines drawn along the centres of the other parts of the trass, as shown 
on Fig. 16, and on Plate 1., Figt. 1 and 2. These lines will represent 
the lines of stress in the different porta of the tmss. 

The ordinary king post tmss is not a perfectly braced frame, owing 
to the braces meeting above the tie, and when there is an ansvmmetrical 
load, as when the wind is blowing on one aide of the roof, a certain 
amonnt of transverse stress is produced on the lower end of the king 
post. 

To simplify the diagram the braces may, however, be drawn aa 
meeting on tJbe tie withont serious error, and in fact the braces should 
be brought lower down than they usually are in practice. 

1st. To ascertain the stresses produced by the permanent load, and 
snow, all of which act vertically. 

This load is symmetrically distributed, and therefore proi^ces a re- 
action on each point of support equal to one half of its amount, i.e., 
4,085 lbs. 

On any convenient scale of parts set off (Plate I., Fig. 3) these re- 
actions Bj and Bj, and the forces acting at the different points, which 
areas follows: 



I 
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p. = 



Roof corering. Tie^ fto. 

465 4- '669 + 



1,550 
930 

1,550 
465 



+ 669 
2,231 



+ 
+ 



Snow. 

135 
450 
270 
450 
135 



1,269 lbs. 

2,000 

1,200 

2,000 

1,269 

2,231 






f> 



t> 



9» 



It is known that if any nnmber of forces act on a point, and are 
in eqnilibriam, the j may be represented in magnitude and direction by 
the sides of a polygon drawn parallel to the direction of these forces 
taken consecntively. Thns if A, B, C, D, E represent in magnitude 
and direction (the direction by means of the arrows) 5 forces acting on 
the point O and in equilibrium, they will also be represented by a 
polygon (Fig. 18) in which the sides are in the same order as those 
forces, and the arrows point all the same way round the polygon. 
Hence if any number of forces act on a point, and all but two are Imown 
both in direction and magnitude, and the dnections of those two are also 
known, their magnitude and nature can be ascertained by laying down 
the known forces and completing the polygon by two Imes parallel to 
the forces whoso magnitude and nature are unknown. 



Fig. 17. 



Fig. 18. 





In the case now under consideration the forces acting at A {Fig, 1, 
Plate I.) are as follows: Ft acting downwards, Bi acting upwards, 
and two stresses, one along A F, the other along A 0, the magnitudes 
and nature of which are unknown. 

Make (Fig. 19 and Fig. 3, Plate L) a & on any scale of parts to 
represent F^ = 1,269 lbs., and make S c to represent B^ = 4,285 lbs., 
from c draw cd parallel to AB (this being the force next m order to R^) 
and from a draw a d^ meeting cdiad. Mark the arrows on c d, d a as 

Fig. 19. 




"W^^^^ BUUPLE. TIMBER KING POB^f I 

stiewn, i.a., pointing the same way roTinii the polygon as the forces F,, 
R., Then tho polygon of the TorceB acting til A ia abed a, and bb ia 
this poly^n the stress in A F reprcaented by s d acta in the direction 
c d, i.e., away frum the point A, it most he a teneion ; while aa the 
atrsBS in A C represented by d o acta in the direction d a-, i.e., towards 
the point A, it must be a compreasioQ. CaU these stresses Aj and Cj 
in Fig. 3, Plnle I., and letter th(> parts of the trass to which they coi- 
reapond, aUo A,, 0, (Fi^. 1, Plate 1). 

Proceeding to the next point C. The forces acting at this point 
are Fg acting downirarda, the compression in A C just determined, 
meting npwards towards C and the two stresses in C F and E C. 
Moke e a {Fig. 3, Plate I.) to represent Fj. From d draw i/ parallel 
to CP, and from e draw e/ parallel to E G, intersecting d/'mf. 

Then the polygon of the forces acting at C is eadfe, in which the 
stress in OF, represented by li/, acts townrds the point C, and is a 
comprediign I and the stress in E C, represented hy fe, acts towards 
the point C, and is also a oomppeBsion. 

CaU the atresses in C F and C E, B. and A, respectively, and letter 
the corresponding parts of the troaa with the same letters. 

Similarly at E. the forcea are F„ A;, Bn, and A,, and the polygon 
formed by them is g efh g, in whicli B,., represented by / It, is a tension, 
and A;,, represented by r; A, ia a compression. 

Similarly at F, the forces are Bj, B,, C), Fj, C», and B3, the polygon 
is hfd oklh; Cg is a tension, and Bg a cumpression. 

JJao siuiilarly at D, the forces are F,, Ag, B,, and A^ ; the polygon 
IB m j & I m, A, is a compression, and if the diagram be rightly con- 
stnicted,' A, passes throogh the end of Bj, i.e., through I. 

Fiuallv at B, the furees are F-, A 'C, and li,, and the polygon 
is 11 mikn. 

It 'lA evident, fliat all the external forces may he laid down at once, 
and the diagram may be commenced from each end, and be closed npou 
any bar in the tmas 

2nd. To ascertain the stresses produced by the wind blowing from 
the left. 

This load is uniformly distributed over one side of the roof. It 
amonntB on one tmsa te 4,800 lbs., and is distribnted, supposing the 
wind to be from left, 900 lbs., at A and E (F, and F.) and 3,000 lbs. at 
C, (Fs) {Fig. % Plate I.). 

Laying these down to scale {Fig. 2, Plate I.) the force at A (F,) ia 
borne directly at A, and produces a reaction equal and opposite to 
itself. The force at C produces reactions parallel and opposite to its 
direction at A and B, equal respectively to 3,000 X t-^= 2,000 lbs. 

and 3,000 X ^=1,000 lbs. 

The force at E produces reactions parallel and opposite to its 

direction at A and B, equal respectively to 900 ) 
WiO ItiH. V ^ = .".fil Tin 
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The reaction dae to the force Fg at B may be found bj constraction 
(JJJ.BAi, p. 6). 

Take {Fig' 20) two axe-s making an angle with each other = C a; A, 
(^Fig, 2, Plate I.), O being the origin of co-ordinates. On any scale, 
make Oa = Ax, and 0^/= A B. On any scale of parts make 6 = Fg. 
Complete the parallelogram a b. 

Produce c 6 to meet in / a line drawn through g parallel to O 6. 

Join/ 0, and produce it to meet c a produced in e. 

Then a e represents the reaction at B, on the same scale that h 
represents F^, and dedacted from Fg gives the reaction at A. 

Similarly for any other forces. 



Fig. 20. 




The sum of these reactions at A and B are respectively 3,239 lbs. 
(Rj,) and 1,561 lbs. (R^). 

Then the forces acting at A are F^ acting downwards, H^ acting 
upwards, and the stresses in A F and A C. 

On the principle already explained make o p {Fig, 4, Plate I.) to 
represent F^, and pq to represent B^, draw q r parallel to A F, 
and r parallel to A C. Then q r represents the stress in A F, and is a 
tension ; o r represents the stress in A C, and is a compression. Call 
tliCNBe stresses C^ and A^, and mark the corresponding parts of the 
truss also G|, A^. 

Similarly the forces at C are Fg, A^, B^, and A^ ; the polygon is 
Boris: Bi and A^ are both compressions. 

Similarly, the forces at E are F^, A^, B^, and A^ ; the polygon is 
tt « / 1; M ; Bj is a tension, and A3 a compression. 

Similarly, the forces at F are B^, Bi, C^, C3, and B3; the polygon is 
vtrqVf whence Co is a tension, and Bg having no value, because C9 
meets the end of B^, is shewn to be a superfluous bur for this pressure. 

Similarly, the forces at D are A^, Bg and A^ ; but Bg has been shewn 
to be under no stress ; therefore A^ must be equal and opposite to A3, 
and is a compression, represented by u v. 

Finally, the forces at B are A^, C<), and B^ and the polygon . (in this 
case a triangle) is uv q u, in which, if the diagram has been drawn 
correctly, u q accurately represents R4. 

Here again, the diagram might have been worked from each end, 
and closed on any bar in the truss. 

When the wind is blowing from the right, the stresses jast ascer- 
tained are inverted, similar stresses being produced on the right half 
of the truss to those just determined for the left, and vice vend. 

These -stresses may now be tabulated, and the maxima stresses 
obtained, as given in the following table. 
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Incnueor 
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Ita. 


It*. 


lb«. 
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^ 01 AC 


+8,400 


+4,700 


+ 3,200 


+ 13,100 


21-5 


^1 


+ 6,200 


+2,800 


+ 3,200 


+ 9,400 


204. 


^M 


+ 6,200 


+ 8,200 


+ 2,800 


+ 9,400 


20-4 


^M 


+8.400 


+ 3,200 


+ 2,700 


+ 13,100 


21-5 


H <<c^ 


+ 2,300 


+ 3,600 


NU. 


+ 5,300 


36-6 


■ ..^^ 


-4,400 


-1.800 


-1.800 


- 6,200 


17-4 


■ ..FB 


+ 2,300 


NiL 


+ 3,600 


+ 5,900 


3fi-6 


■^ „AF 


-7,600 


-5,200 


-8,200 


-12,800 


248 


„FB 


-7,600 


-2,200 


-5,200 


-12,800 


24-8 



To calculate the dimenaiona. 

Ut. Tlie principal (A C). 

The length between the supports is about 90 iiuihea, the width, in 
order to guard against baukling, eboiild be 4| iiiobes. {ToKtion and 
Compretium Bart, p. 83.) 

Let d=the deptb in inches, and let J of the bearing surface of the 
BectioD be lost by the tenou. 

Then, as in Example II. (Pennon and Compretaion Ban) : 
f X 4-5 inches xd x 1,000 lb8.=13,100 lbs. 
rf := 4 inches nearly, 
aod in order that it may not buckle downwards it Bhoold be made 
4' 5 inches square. 

2nd. The stmt (CP). 

The length of this piece is about 90 inches, its width ia not enough 
to prerent ita having a tendency to buckle, and it will, from the way 
in which it ia fixed, be more likely to buckle in a vertical plane than 
tronaveraely to the plane of the trnsa. It will be better therefore to 
make its depth a little greater than its breadth. 

Let d he the depth and 3 inches the breadth. 

Then, as in Example V. {Teruion and Ownprettion Bart), 

'•*"> -1440-^1+ ' *>'■> 
Td -'.""-V' +250?; 

d=:4i inches nearly. 

3rd. The tie beam. 

The length of the unsupported part of the tie beam is 14 feet, and it 

will be the same width as the principal. 
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In order Uiat the ceiling may not crack, the tie beam should not 
deflect more than ^ inch per foot rua in length, i.e, ^ inch in the 
centre of the length between supports. 

Each half of the beam is in the condition of a beam fixed at one end, 
and supported at the other, stifEened by being under a direct tension, 
but it may be judicious to treat it as a beam supported only at both ends. 

Then {Defl&sHan of BeamSf p. 86), 

EI 
where n*'=^. 

W=total load on the length between supports= -?^— lbs. 

= half the length between supports =84 inches. 

E = Modulus of Elasticity of average fir= 168,000 lbs. 

1 = Moment of Inertia =-^ x f x a' (d being the depth). 
V = H inch, 

whence £2*= 499*2 

d =79 inches, 
or adding on 3 inches for the parts cut away in framing, the total 
depth =11 inches. 

Even these dimensions are considerably less than those in ordinary 
use, yet it can hardly be doubted that they are sufficient. 

4th. The King post. The tension on this is only 6,200 lbs., while 

the working resistance to tension of average fir is ^'^^^ lbs. per square 
inch, so that a section of 2*4 square inches would be enough. But this 
would not allow of the joints at the ridge and tie beam being properly 
made, and its dimensions must be determined by what is necessary to 
make a sound connection. 

It may be advantageously replaced by an iron king rod. 

If the purlins are properly fixed and jointed, so as tu make them 
continuous without diminishing their section, they may be calculated 
as beams fixed at both ends, and loaded with a uniform load, consisting 
of the roof covering, their own weight, snow, and the normal pressure 
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of the wind ; having a deflection limited to -^ inch per foot run of 
their length. To secure this the purlins should not be scarfed, but 
butted on one to another and secured by a fish plate on each side, and 
it is better to block them than to cog them down on the principals. 
The Pole plate, if properly fixed, not scarfed, may, if not blocked up 



trom the wall be dealt witli !□ the same way as the pnrlins. If blocks 
np from the wall, the length of each port being reduced, the dimen- 
sions mnj be redaceil an^oriliiigly. 

The Hidge board need not be calculated, its dimenaians being 
determined bj what is neceaeary to make a Bonad coniieutioa at the 
head of the common rafters. 

The Common raftera may bo dealt with in the SHma way as the 
purlins. 

EXAMPLE II 

Determine tho maxima Btressc!' in a kiiij; poat truss of fir, having a 
ceihng on the tie, under the fullowiiig couditious. 

Clear span from centre to oentro of wall plates, 28 feet. 

Rise of roof = Jth span. 

DiBtanoe apart of trasscB, 10 feet from centre to centre. 

Porlina at diaiancea of 2 feet along the principals, and the ehito 
boarding carried directly upon them. 

Roof covering, counteae alatos on 1| inch boarding. 

Snow, 5 Ihs. per square foot of hortzontal surface covered. 

Wiud horiEontal, and having a force of SO lbs. on the Kquaro foot of 
vertical surface directly opposed lo it. 

llemarit. 

The difTorence between this example and the last consists in the 
different mode of applying the load, the principal rafters now being 
under a transversa etrees, as well as onder a direct thruat. 

pTtUnnnarief. 
Weight of roof covfring, boarding and frnming eiolnsive of tie 

^14| lbs. per square foot of roofang surface. 
"Weight of tie, ceiling joists, and ceding = I2| lbs. per aquara foot of 

horizontal saface covered. 
"Weight of snow = 5 ibs. per square foot of horizontal snrfece covered 

^451bs. per square foot of roofing surface. 
Wind presBui e, horizontal = 50 lbs. per square foot of vertical surface, 
which produces a normal pressure of 30 Iha, per square foot 
(Table, p. 194). 

Then taking the diagram already constructed for Example I., the 
length of the rafter is 16 feet, and the total weight on one truss is : 

Roof covering, Ac. ... 2 X 16' X 10' X 14,\ lbs. = 4,560 lbs. 

Tie, ceihng, Ac. ... 28' x 10' x 12J „ = 3,570 „ 

Snow 2 X 16' X 10' x if „ = l,4iO „ 

Wind (normal on one side) 16' X 10' X 30 „ = 4,800 „ 

As the pnrlins are distributed at equal distances along tho rafter, 
and are not at the joints of the framing, these forces are distributed as 
follows : 

Roof covering, Ac. I = 570 Iba. at A and R ; J = 1,140 lbs. at C, D, 
andE. 

Tie, ceiling, Ac ,V = ^69 Iba. at A and B ; | = 2,231 Iba. at F. 

Snow, h = 180 lbs. at A and B ; J = 360 lbs. at C, D and E. 

Wind, i = 1,200 Ibs. at A or B ; J = 2,400 lbs. at C or D ; 

and 1,200 lbs. at E. 
aocording as the wind is from (he left or the right. 
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As in Example I, construct a diagram of the roof (PUUe II., Fig. 1). 

let. To ascertain the stresses produced by the permanent load, and 
snow. 

The reactions at the points of support are each 4,785 lbs. 
The forces acting at the different points are as follows : 

Roof Covering, Ac. Tie, Ac. Sjiow. 



p, = 


570 


+ 


669 


+ 


180 


— 


1,419 lbs. 


p,= 


1,140 






+ 


360 


= 


1,600 „ 


F8 = 


1,140 






+ 


860 


= 


1,500 „ 


p,= 


1,140 






+ 


360 


=r 


1,500 „ 


v,= 


570 


+ 


669 


-h 


180 


=: 


1,419 „ 


F,= 


f 




2,231 






= 


2,231 „ 



And constructing the diagram as in the last case, the stresses in the 
different bars are obtained. (Plate II., Fvjs, 1 and 3.) 

2nd. To ascertain the stresses produced bj the wind blowing from 
the left. 

The forces are distributed as shown in Plate II., Fig, 2, viz. : 

¥j = 1,200 lbs. 
Fg = 2,400 „ 
F» = 1,200 „ 

and in the same way as in Example I., the reactions they produce are 

Eg at A = 1,200 + 1,600 + 400 = 3,200 lbs. 
II4 at B = + 800 4- 800 = 1,600 „ 

Constructing the diagram, as before, the stresses in the different 
bars are obtained, (Plate II., Figs, 2 and 4). 

When the wind is blowing from the right, these last stresses are 
inverted, similar stresses being produced on the right half of the truss 
to those just determined for the left and vice versa. 

The stresses being tabulated, the maxima stresses are arrived at. 
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To calcnUte tho dimeneioDB. 

Ist. The principal. 

The calculation tor tbls differs from that in the last case, in thnl the 
diHtribation of the load canaes ihe thmst on the principal tu be 
uoeqnally distribiited over its section. 

The tolal thmst produced is the same as if the loading had been 
collected at the joints of Ihe tmas ; but the bending of the rafter under 
the distribnted load creat«s a tension on one side and a compression on 
the other aide of the nential axis, the first of which reheves the 
coTnpreesion caiucd by the direct throat while the second increasea it. 

The greatest direct thrust is at the fuot of rafter, but the greatest 
etrcHB produced by the bending nnder the uniformly dlsiribitted load, 
(taking the f itot of the rafter as supported only), as well as the greatest 
total inteneity of stress, is at the point of junction of the prioripal with 
the first stmt, and it is anfficient to determine the section at this point. 

The thmst here (P) is 9,1001ba. 

The effect of ihe bending is to relieve the compression doe to P on 
the nppor side, and to increase it on the lower side, the nifter being in 
the condition of a beam uuifurmly loaded, fised at the centre, and 
supported at the ends. 

Let b be the breadth of the princtpa], and let d be the depth, 

I*t P be the thrust =9, 100 lbs. aa jnat eiplained. 

Let M ^ Moment of Flexure at the section of greateat stress, which 
is at the junction of the principal with the first strut and which i\ 
ease is ''■^^-(Fixed ISeamt, p. 57). 

Let c;=half the length of the nnsnpported portion ^— ^:=45*. 

Let ic=weight per inch run in length of the principal = 161bs. (roof 
covering and snow) resolved normally to the roof + 30 lbs. wind=15 + 
30=4>aibs. 

Let /, = ultimate strength of 6r in compression ^ 7,'2O0 lbs. per 
square inch. (^Tension and Cvmprettiim Hare, p. 86.) 

Let 5 = Factor of Safety. 

Then the intensity of the compression produced by the bending will 
be obtained by equating the Moment of Flexure with the Moment of 
B«8i8tancB. 

(.e. ^ = A I = ^ fc tp (.fJire** i» Beams, p. 17). 

where /„ ^ intensity of the stress at the extreme fibre on that side of 
the section where the elastic limit is first reached. 
I ^ Moment of Inertia of the section. 

y, ^ distance from neutral axis to the outside of the section on 
the same side as/^. 

, - trc* X 6 4Sx453x6 3x45» 

whence /„ = -^-^ = — 2 fc rf.~ = "Td^" 

The intensity of the compression produced by the dii'ect thrust 
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These two together must not be greater than -^ = -^ — 

5 5 

Whence, when condition is just fulfilled, 

3 X 45» 9a00_ 7,200 
hd^ hd 5 

As the principal cannot bend sideways owing to its being stiffened 
by the purlins, it may be made as narrow as 4 inches ; whence ci=7'8 
inches. 

If the principal were regarded as " fixed ** at the lower end, which, 
for the reasons given at p. 60 (Fixed Ihams), viz , that the timber is 
sure to sh»*ink and become "imperfectly fixeil," is not proper, the 
timber could be reduced in section, as the stress produced by the 
bending would be reduced, although at the same time the direct thrust 
would be larger, as the section of great^est total stress would then be at 
the foot of the rafter. 

The principal would, therefore, be 7| or 8 inches by 4 inches in thia 
case. 

The other parts of the truss would be treated in precisely the same 
manner as in Example I. 

EXAMPLE III. 

Determine the maxima stresses, and the dimensions of the timber in 
a queen post truss of fir, having a ceiling on the tie, under the following 
conditions : 

Clear span from centre to centre of wall plates, 40 feet. 

Rise of roof = \ span. 

Distance apart of trusses, 10 feet from centre to centre. 

Purlins, pole plate, and ridge boi&rd placed directly over the joints of 
the truss, and the common rafters continuous from ridge to pole plate. 

Hoof covering, countess slates on f inch boarding on fir common 
rafters. 

Snow, 5 lbs. per square foot of horizontal surface covered. 

Wind, horizontal and having a force ot 50 lbs. on the square foot of 
vertical surface directly opposed to it. 

Bemarks, 

The same remarks apply as in the last Example. 

Preliminaries, 

Weight of roof covering, boardintr, common rafters, and framing, 
exclusive of tie beam (p. 190) = 15^ lbs. per square foot of 
roofing surface. 

Weight of snow = 5 lbs. per square foot of horizontal surface covered 
=4'5 lbs. per square foot of roofing surface. 

Wind pressure=50 lbs. per square foot of vertical surface which pro- 
duces a normal pressure = 30 lbs. (Table, p. 194). 

Then constructing an approximate drawing of the roof truss the length 

of rafter is 23 feet, and the total weights on one truss are as follows : 



BUUPLX. TIUBBB QrEEH ['OST BOOT. 



Boof coTering, ic. 
Tic, ceiling, &c- 




.. 2x23'xl0'xl5ilba.=7,lS0ll». 

40' X icy X 13 „ =5,200 „ 
... 2x23'xlO'x -tj „ =2,070 „ 
Wind, normal to one side ... 23'xl0'x30 „ =6,y00 „ 

The common raftei^ in properly constmcted roofs being coatinuooa 
from pole iilate to ridge those ibrcoa are iliBtributed aa follows (p. Ilt6): 

Fig. 22. 




Roof coverinK, Ac., A=*?5 lbs. at A and B, ^='.307 lbs. at C and I 

J-J=l,307 lbs. at E and F, -^=951 lbs. at Q. 
Tie, ceiling, Ac., ,^=693 lbs. at A and B, H=l/''07 "^^ nt H and K. 
Snow. 1^= 138 Iba. at Aand B, ^-J=380 lbs. at C and D, {-£=380 lbs. 

at E and F, ■^=276 lbs. at G. 
Wind, y„=920 lbs. at A or B. -^^=2,530 lbs. at C or D, -|J=2,530 Iba. 
at E or F, ^g= 920 lbs. at G, according aa the wind is from the left 
or from tli.; rirht. 

Construct a diagram to any scale, (Plate TTI., Fig. 1.) 

The ordinary qneen post trnna ip an imperfectly braced frame, partly 
owing to the centre line of the braces meeting the centra line of the 
queen above the line of stress in the tie in most cases, and partly owing 
to the want of two braces snch as B3 and B^, in the absence of which, 
when the wind is blowing, transverse stresaes are produced on the 
principal rafters. 

To Bicnplify the diagram the braces may be drawn as meeting the 
qneen on the tie without aerions error, and in practice they should ba 
broagbt down lower on the qneen than they are. 

1st. To ascertain the stresses prodnced by the permanent load and 
enow, all of which act vertically. 

The load is symmetrically distribnted, and, therefore, prodacea a 
reaction on each point of support equal to one half its total amonnt, i.e., 
7,200 lba, = R, andR). 



The forces are : 












j^. Tie, 4c. 




Snow. 




P, = 475 


+ 693 


+ 


IHK 


= 1,306 Iba. 


P, = 1,307 




+ 


m> 


= 1,687 „ 


F, = 1,307 




+ 


■.im 


= 1.687 „ 


F. = 951 




+ 




= 1,227 „ 


F5 = 1,307 




+ 


am 


= 1,GB7 „ 


i\ = 1,307 




+ 


380 


=: 1,087 „ 
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Boof covering, &c. Tie, kc. Soow. 

F7 = 475 + 693 -h 138 = 1,306 lbs. 
Fg = 1,907 = 1,907 „ 

Fj = 1,907 = 1,907 „ 

Then, by the prinrtiples laid down in Example I., the following 
polypfons are formed, beginning from each end and closing on I, the 
junction of B^, Bo, and By. 

In laying <iown tlie external forces, it is convenient to begin at F^ 
and follow the forces ronnd to the left {Plate III., Fig. 3). 

Yfj to F^ all act downwards, and form one coutinnons line, Rj, the 
next external force, acting upwards* is measured back on these forces, 
F9 and ¥^^ acting downwaids are ag lin- measured downwards in suc- 
cession, and Ro again upwards, completing the polygon of external 
forces. 

The polygons are ns follows : 

at A, a 6 c c2 a, in which A^=a (f is a compression. 

C|=/5 d is a tension, 
at C, e a dfe, in which Bi=/c? is a compression. 

A^=e/is a compression. 

As at E and H there are three unknown forces, it is necessary to 
pass them by and go to the point U, where there is only one known 
force, F^, and two others unknown, and where the polygon becomes a 
triangle, i.e., g hk in which A^=h k and A^=.7 A: are compressions. 

Returning to E, the polygon iskheflkjia which B^^'l is a tension, 
"B^zszkl is a compression. 

At H, Ifd c m Z, in which 02= m I is a tension, and B3 is saperfluous, 
Cj running into the end of Bj already determined. 

Beginning at B, the polygons are as follows : 

AtB,8rqp8,in which A^^qp is a compression, 03=;? 8 a tension. 

AiDtpqnopy in which A5 ^ no, and Bg ^ op are compressions. 

At F, n ^ ^ Z 0, in which Bg = A; Z is a compression, and By= Z is a 
tension. 

This closes the polygon, and shows that in this condition of the 
loading B^ is also unnecessary. 

2nd. To ascertain the stresses produced by the wind blowing from 
the left. 

The load is distributed over one side of the roof, and normal to it, in 
the proporiions already stated, i.e., when the wind is on the left, 920 lbs. 
at A and G (F^q and F^^) and 2,530 lbs. at C and E (F^^ and F^j). 

Laying these down to scale, the force at A (Fjq) is borne directly at 
A, and produces a reaction equal and opposite to itself. The force 
at C produces reactions, parallel and opposite to its direction, at A 
and B, equal respectively to 

2,530 X ?^ = 2,008 lbs., and 2,530 x A^ = 5221b8. 
AB AB 

That at E produces reactions = 2,530 x j-^ = 1,471 lbs. at A, 

and 2,530 x ^?f,=l,0591b8.at B. 

AB 



i TOST ROOF. 



Tbftt ut G proJuces reactiuiis =■ 11:^0 > 



and 920 x ^„ 



= 'o7l II 



Tben the total reaction b are, 

at A, 92U + 2,008 + 1,471 + 3i5 = 4,7441b8. 
B, 622 + 1,059 + 575 = 2,l5t>ll.8. 

Laying these down to scale, and workinpthe dittgrnm in the manner 
already described, ttte stresses arc ascertained as sLevrn on Plate III., 
Fi^a. 2 and 4. 

When the wind is blowing from the right, the stresses just a.^certained 
are inverted, similar stn-eaes being produced on the right half of tha 
tmss to those jiiat determined for tlie left, and vice vnrtd. 

The stresses maj now be tabniated, and t' 
obtained, as given in Ihe followiug table : 





Tahh ofStre. 


aei. Comp 


(Wjiion*+. 


Teiiaioiii—. 






Hoof cotw- 
Isjl, eu., ud 


Wind OD left. 


Wludou right. 


Mutmm 


IncraM of 

vtmsswltli 

MltM wind 

(tonw. 


on AC 


It* 

+ 13,200 


+ 7,400 


lb*., 
+ 4.800 


+ao.600 


percent. 

21-5 


„CE 


+11,300 


+ 5,600 


+ 4,300 


+ 16,900 


198 


„EG 


+ 1,400 


+ 700 


+ 1.100 


+ 2.500 


26-4 


„ GF 


+ 1,400 


+ 1,100 


+ 700 


+ 2,rm 


2G-4 


„F D 


+ 11,300 


+ 4,300 


+ 6,600 


+ 16,900 


19'8 


„DB 


+ 13,200 


+ 4,300 


+ 7,400 


+20,600 


215 


„CH 


+ 1,800 


+ 3,100 


HU. 


+ 4,900 


379 


„ HE 


- 2,700 


Nil. 


- 1,400 


- 4,100 


20-5 


„ HL 


Nil. 


- 2,000 


+ 1.900 


f +1,900 
1 -2,000 


60-0 


„ E L 


+ 8.900 


+ 5,500 


+ 2,800 


+14,400 


229 


„L P 


+ 8,900 


+ 2,800 


+ 6,500 


+14,400 


22-9 


„LK 


Nil. 


+ 1,900 


- 2,000 


r +1,900 

{ -2,000 


600 


„k:f 


- 2,700 


- 1,400 


Nil. 


- 4,100 


205 


„ KD 


+ l.SOO 


Nil. 


+ 3.100 


+ 4,900 


37-9 


n AH 


-11.700 


- 8,300 


- 2,TO0 


-20,000 


25-9 


„HK 


- 10,100 


- 4,200 


- 4,200 


-U.300 


17-6 


„KB 


-11.700 


- 2,000 


- 8,300 


-20,000 


25-9 
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To call nlate the dimensions. 
1st. The principal. 

The length between the snpports is about 90 inches, and the width 
to guard against buckling should not be less than 4| inches. 

Supposing the principal to be square, and calculating as in Example 1., 
the scantling for the lower part AC, where the stress is greatest, is 
thus obtained, 

I X (£2 X 1,000=20,600 lbs., whence d=S'2 inches. 

It will not generally be worth while to reduce the principal in the 
part C E, but the stress in the part E G is so very much smaller that 
it is worth while to reduce the timber there. 

The length of this part will then certainly be more than 20 times its 
least dimension, and it will have to be treated as a long beam under 
compression as in Example V., Tension and Gonijjression Bars, Make 
it square, and let its side be d inches. 

The stress is 2,500 lbs. 

Then ^P= —'^^^^^, 
d^ 1 -I. J: ^^ 

250 d^ 
whence (?=3 inches nearly. 

2nd. The strut (C H). 

The length of this piece is about 90 inches, and its width will not be 
enough to prevent its having a tendency to buckle rather than to crush. 

It will, as in the S:ing post truss, be better to make the depth, (/, a 
little larger than the breadth, 6, bending being more likely to take place 
vertically than horizontally from the way in which the strut is fixed. 

m..^ 4,900 , 1,440 

^^"^"-65 , ■ J^ 90« 

250 dT 

Let 6=3 inches, then d=4*6 inches nearly. 
The other struts are treated in a similar manner. 

The dimensions obtained are as follows : 

For the straining beam E L, if the breadth be the same as that of the 
principal, i\e., 5*2 inches, the length being about 80 inches, and the 
stress 14,400 lbs., the depth by the same formula as the last is 5 inches 
nearly or the straining beam should be square. 

3rd. The strut (H L). 

If this be taken as square in section, the length being 110 inches, 
and the stress in compression being 1,900 lbs., the side of the square 
by the same formula wiU be 3 inches. This strut is sometimes in 
tension (^see Table), so that its connection with the other parts must be 
of a kind to enable it to act as a tension bar, and it would be well to 
make it capable of taking up 30 per cent, of the increased stress with 
80 lbs. wind pressure. 

This strut and the strut L K may both be replaced by iron rods. 



suMPkc. nmns qkwmm Mtn loor. 

4th. Tho tio bean. 

Tbo tie beftm u ■nt>port«(l nt four poinU, and t)ie length of each piui 

ia ahont lU'^ Iet4. (i^M tie Icam ia Ex. I.) TLe dc&txtioa most not 

(ncocd jdi'-^V 9/7 *''^''- 

Tlio weight snpported on each length « ^^^ 11»- 
Thc brendlh will lio tliu Bame an that of tbe pnnoipaL 

I Then (iMJlrelivn 0/ Hcam; p. :16) 

1 _ 5 .. 5.200 XBO* 

"'' 40 48 3xl,680,000x^x5.2'xd' 

and tulilinit 3 inohoi* for the portti cnt awnj in tho frnming, the tutal 
dopth is abunt 1 1 iDohom. 

fith. The qai-on pout*, 

Tbo luniiinn on each of ihosH ia only 4,100 lbs., while the working 
rosiHtMiico to tunKioD of avi-riige fir ia "'VP |l)g. per equiire inch, so that 
% Hocuon of loea thnn 2 Dqunrd incbOB n-uuld saSice. 

TbtA wonld not allow of the jointa bei'ig properly miide, and \te 
dimenaionB munt be doUtrmined by what is neces-iary fur sound con- 
npotioim, nnd in moMt cn»c» it might bo udviiiit4i;;e»iusly n-plMod by 
lUl ii-oti rn,l, 

Tbo Pnrlina, Pole Plate, Ridgo Bonrd, and Common Raftera, are to 
bo dvalt with as already described ia Example I. 

COUPOSITE AMU IftOK RoOFS. 

The 'different forme of roofs constraiited, either entirely of iron or of 
a mixUiroof timber, ca-it iron, and wrought iron, are shewn \n}'laie IV., 
and tbo apans fur which they are ordinarily used are stated against 

Tbe diHtanco npnrt of the trusses in such roof varies. 

In tlie smaller roole, i.e., up to about GO feet span, tbe distance apart 
is generally betwei'Q b and 7 feet, though it is sonietimes greater than 
tbi«(Tnblo. p. I'.ll). 

Whou ihi' ioiid i'< collcclcd over the points of junction of <be principal 
riifier mill tin' Hiriiis, the principal nifior is snbjected to compression 
<in1y, and cauh length of it is in the condition of a long compression 
linr. 

An (ho strorgtb of a long compression bar decreases rapidly as its 
lonffth incronKi's. it is manifostly diisirable that tbe distance between the 
■iii'ut« slmnld not In) so grtiit as to render it necessary to pat iu a large 
csirft ipmntily of material in order to prevent the rafter bending nnder 
th<> ihniHt. 

When tbo luttd w nnifornily distributed along the principal rafter by 
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moans of purlins, or iron laths at short intervals, which ia the more 
usual construction in the smaller roofR, the prnicipal rafter is nuder a 
transverse load as well as a thrust; and as the intensity of the stresses, 
produced bj the transverse loads in beams of the same section uniformly 
loaded, increases as the square of the length, it is evident in this case, 
as in the last, that the distance between the struts shoald not be so 
great as to make the principal rafter uneconomically large. 

The struts are always in the condition of long compression bars, and 
their length should, therefore, be kept down as much as possible, bat as 
they have, in comparison with the principal, a small thrust to withstand, 
economy is more likelv to be attained by reducing the length of each 
unsupported part of the principal than by reducing the length of the 
struts or their number. 

It may also be more economical sometimes to put the trasses further 
apart so as to bring more load on each, because, the sections of the 
compression bars being thereby increased while their length remains 
the same, the tendency to bend under the thrust is reduced, and more 
resistance per square inch of section is got out of the iron. 

In designing an iron roof, the Ens^inoer should aim at having as 
many of his braces as possible in tension, and his compression bars as 
short as possible. 

Forms of principal rafter. 

In the smaller roofs these are usually either of timber, X iron, two 

angle irons back to back I P or two channel irons back to back ] [ . 

Timber principals have the serious objection of not expanding or 
contracting appreciably with changes of temperature, while the iron 
parts of the roof contract and expand considerably. 

The effei't of this is, that when the metal expands, the tension on 
the tie is relieved, and when it contracts it is increased. It may even 
happen, in the first case, that the tie rod ceases to act as such, and the 
feet of the principals spread until tension is again produced ; while 
in the second case, the tension may be so intensified as either to bend 
the principal upwards or to overstrain the tie rod. 

I iron is a convenient form for principals, the top being made as 
small as it convenienily can, and the vertical part comparatively chick. 
The vertical member affords a means of making easily a sound con- 
nection with the other parts of the trnss. 

Bulb T^ iron with a thin web, an<l a balb, somewhat larger in sec- 
tion than the top table, gives a greater resistance with the same quantity 
of metal than \ iron ; but its cost is considerably greater, and it is not 
quite so easy to connect with the other parts of the trnss. 

The double angle *1 P ftnd double channel ] C ^^^"^ afford great 
strength laterally, and having an intermediate space between the angles 
or channels, the connection with the other parts is as easy and at least 
as sound as with X i^on. The angles or channels may be kept apart 
by timber filling, or if there is no other wood in the roof, with a view 
to affording extra security against fire, they may be kept together and 
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apart by small bulls pHeaing tliroug^ cast iron diatance pipes, rivetted 
ftt tbe eado, ikaa : 

Fi</. 23. 



Channel iron is, however, more costly than "7" iron. 

It ia to be obaerred that it ia not possible with ~\ and "Y iron to 
make the connectlona bo as tu produce nniform atrees on the sectioiui _ 
of the bar, and allgnance ahoold be made for this (p. 10?). I 

Forma of stmts. 

In the smaller roofa these are either "] or X 'rona, the latter form 
affording the g^reater reaistance to bending. 

A good and simple form is that of two flat bars swelled out in the 
centre, &nd kept together and apart by rivelted bolts passing through 
distance pipea. (Fi^- ~4.) 



This form allows of the bolla or riveti being placed on the mean 

fibre of the bars composing the stmt, {JoinU and Faiteninga, p. 102 
to 107). 

Forms of tension bars. 

These are either single ronnd bar, or one or more flat bars, fixed 
with the greatest dimenaion vertical. The latter have the advantage of 
deflecting less by their own weight. 

Tables of dimensions of different parts of wronght-iron roofs of the 
ordinary forma are given in Books of Engineering Formulae (see 
H.A.R.H., p. 30 and 31), and similar tables are given m the Eixgineen' 
and ConlTOctore' Foeket Book for lh66, p. 76. 

It must not be forgotten that these roofa have been calculated for a 
smaller force of wind than it haa been thought in this Paper advisable 
to provide against, and for a given distance apart of the trasses. 

For larger iron roofs, the different parts being bnilt up in the same 
manner as girders assume ft great variety of forms. 

In them, the load is collected at the points of junction of tbe prin- 
cipal rafter and stmts by raeana of pDrlins, and tbe trnssea are put at 
much greater distances apart (Table, p. 191). 

Those roofs are usnally crosabraced {Fig, 29) tlie braces which cross 
each other being made to resist tension only, and the uncrossed braces 
to act both as compression and tension bars. 

In drawing the stress diagram in these cases, it is necessary to 
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consider at each point which of the cross braces is superfluons, and to 
regard it as absent. This is illustrated in Example V. 

For good cons traction all iron trasses should be fixed only at one end, 
and it is better to fix that ead from which the heaviest gales are most 
likelj to blow. 

It is desirable to strengthen iron roofs against the effect of wind 
blowing at an angle with the axis of the roof by iron ties, passing 
obliqnel J up from the springing to the ridge, and secared on the under 
side of the battens or purlins. 

There are no means of calculating these ties, but they need not be 
large. 

EXAMPLE IV. 

Determine the maxima stresses, and the dimensions of the iron in a 
WTonght-iron roof truss of the form shewn in Fig, 25 uuder the follow- 
ing conditions : 

Clear span ... ... ... ... 30 feet. 

Riseof Roof ... ... ... ... -I^th span. 

Distance apart of trusses ... ... 6 feet. 

Hoof covering, countess slates on f' boarding, resting on angle-iron 
purlins filled in with 3" X IJ" fir. 

Snow, 5 lbs. per square foot of horizontal surface covered. 
Wind, horizontal, and having a force of 50 lbs. per square foot of 
vertical sur&ce directly opposed to it. 

Preliminaries, 

Weight of covering, boarding, battens, laths, and framings 16 lbs. 
per square foot of roofing surface. 

Weight of snow=5 lbs. per square foot of horizontal surface =4f lbs. 
(nearly) per square foot of roof sur&ce. 

Wind pressure, horizontal =50 lbs. per square foot of vertical sur&ce, 
which piY>duces a normal pressure on a roof of this inclination =25 lbs. 
^nearly). (Table, p. 194.) 

Then constructing an approximate diagram of the roof truss, the 
length of rafter is 16^ feet, and the total weights on one truss are as 
follows : 

Roof covering, etc. ... 2 x IGV x 6' X 16 lhs.=3,120 lbs. 

Snow 2xl6|'x6'x 4} „ = 926*25,, 

Wind normal (on one side), 16t'x6'x25 „ =2,487-5 „ 

Fig. 25. 




Aa the weig'Iit is not cullec'ed at the joints of thu traaa, the Ji.-.tri- 
bndoD of iLe \ond is as iollowu : 

Eoof covering, etc., 1=390 lbs. at A and B ; J=780 Iba. at C, D. 
andE 

Snow, i=1161ba. at A wid B ; i= 232 Iba. at C, D, and E. 

Wind, i =609 „ AorB; | = ],218 „ C or D, 

jr= (iud „ at K, Accurding as the 
wiod IB blowing on one side or other of the roof. 

Ist. To ascertain the streBBea prodnced by the permaaent load only. 

It is better not to add the weight ui this snow to that of the roofing, 
Ac, in iron roof-, because in some fumn of iron rt>ofa the verticfl.1 load 
jirodnces in somo of the birs slresaes of a diffbrent nature from those 
produced by the wind, which stresses n^'ntraliee one another and relieve 
the stress on thoHe particular bars, and as the snow is only tLn occasional 
li>ad, it mn»t not be connt«d upon as a^ordiiig this relief, although, 
when blie stroaseG produced by it aitd by the wind are of the same 
nature, provision must be made for fche sLim of the two. 

Coi struct a diHgrara of the centre Knes of the bars, Plale V., Fii/. 1. 
lay down the forcjs as in previous ca.sps, from which draw the stress 
diagi'am, I'lale V., Fig. 1 in the manner sjready described. 

2nd. To Bscertaio the stresses produced by the snow. 

The stresses produced by the snow are obtained by a direct proportion 
between the weight per square foot of the roof covering, &o., and that 
of the snow, in this iwse as 16 lbs. ia to 476 Iba. 

3rd. To rt.wort-iiin the stresses procliiccd by the wind. 

Let the left end of the roof truss be the fixed end, the other end 
being free to move so eoou as the eipaasive or contractive fjrcj is 
bufficient to overcome the friction. 

Then when these two are just iu eqalibrium, the support at the right 
end supplies only a vertical reaction, and in that case the whole of the 
horizontal component of the wind pressure has to be taken up by the 
point of support at the left end. 

It becomes necessary, therefore, to consider four coses, 
lat. Wind on left, temperature the same as at the time of last move- 
ment of the roof. 
2nd. Wind on right, do, 

3rd. Wind on left, expansive or conlractive force jnst equalling the 

friction. 
4th. Wind on right, do. 

Cage I . The reactions at A and B, calculated as in previous cases, are 
respectively 

at A=C09+8{53+2.'i4= 1,726 lbs. 
B= 355 + 3r>5= 710 „ 

Construct a diagram Flale V-, Fig. 2, and lay down the forces as iu 
previous ca'es, from which draw the stress diagram Plate V., Fiy. G. 
C'lme 2. Here a similar diagram to the last is obtained, but inverted. 
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Ciise 3. In this case the whole of the horizontal component of the 
reactions has to be supplied by the left pier, and the forces and reactions 
are as shewn in Plate V., b'lg, 3, from which the stress diagram, 
ricU6 v., Fig, 7, is obtaiued. 

Case 4. Here the whole of the horizontal component of the reactions 
has to be supplied hy the lefo pier, in the opposite direction to the last 
case ; and the forces and reactions are as shewn in Plate V., Fig, 4, from 
which the stress diagram, Plate V., Fig, 8, is obtained. 

These stresses may now be tabulated as follows, and the maxima 
stresses obtained : 

Table of Stresses, ihmpressions -h* Tensioiis —, 



doe ta 




lbs. I lbs. 
onAj +4,460 1 -hi, 3*90 

A^ +4,200+1,200 

A3 +4,200: + 1,200 

A^ +4,460 1 + 1,390 

Bj,'+ 70oi+ 210 

B^i- 1,900!- 620 

Bj -1,900 - 620 

B^ + 700 + 210 

Cj ! -4,20c I -1,290 

C J -2,380- 700 

0,-4,200 '-1,290 



Wind on 
loft, roof 
in normal 
condition. ! condition. 



Wind on ' Wind on I Wind on 
right, roof left, end ; rif^ht. end ' Maxima 
in niirmal on p<.)int of on point of stareases. 
motion. , motion, i 



lbs. 
+4,400 

+4,400 

+2,440 

+ 2,440 

+ 1,210 

-2,880 

- 400 

Nil. 

-4,540 



lbs. 
+ 2,4i0 

+2,440 

+4,400 



lbs. 



lbs. 



lbs. 



Increase 
of stress 

with SOlbs. 

wind force. 



+4,530 +2,530 +10,380 



+4,530+2,530 + 9,930 



+ 9,840 
+ 10,290 



+2,700 +4,44'; 
+4,400 +2,700 '+4,4iO 

Nil. 1 + 1,210, Nil. [+ 2,120 
- 400-3,000 - 800 J- 5,520 
-2,880 - 610 -2,900 I- 5,420 
+1,210 Nil. +1,210'+ 2,120 
-2,050 -4,900-1,300 -10,390 
-1,750 -1,750 -2,000 ;-l,100;- 5,080 
-2,050 -4,540 -2,500 -3,900-10.030 



percent. 
262 

27-3 

271 

25 9 

34-2 

32-6 

321 

34-2 

26-3 

236 

271 



To calculate the dimensions. 



1st. The principal rafter. 

This would be made of uniform section throughout ; the gfreatest 
thrust is at the foot of the rafter, but the greate.'tt stress produced by 
the bending under the uniformly distributed load, and the greatest 
total intensity of stress is at the point of junction of the principal with 
the first strut ; and it is sufficient to determine the section at this point. 

The thrust here (P) is 9,930 lbs. 

The effect of the bending is to relieve the compression due to P, on 
the upper side of the section at this point, and to increase it on the 
lower side, the rafter being in the condition of a beam uniformly 
loaded, fixed at the centre and supported at the ends. 



The Moment of Flea 



EXHI-I.E. IRON 

•at tlie Beclio 



inder consideration is 



being the normal pressure per inch run in length of the rafter, C half 
tlie length of the nnsiipported part of the rafter, i.e., in this case, one- 
fourth of the whole length. 

E<:|uating this with the Moment ot Kesistance of the eection, 

l£ -.id 



Then on the tena'on (upper) aide of the section of the principal. 



M.C*j 



9 — -_- . ;^^miiat not exceed 6 tons 

area of the section (b) 

a the compresBion (lower) side of the section, 



I 

(1) 



q-mast not exceed & tons 



(2) 

' the strut. 



2 I area of section (S) 

Lot it ba determined to nao a ^ iron for the principal. 

As the lower part of the web is under compression ove 
the web should not be made too thin. 

As the rafter cannot buckle sideways, owing to its being s' 
the pnrlins, the table of the X ^^J" ^ made as narrow as it can be, 
provided there ia room for the angle irons to be rivetted on. 

A width of 2' inches ia snfficient fi)r this, and this table shonid be 
thin, Ihe neiitrnf axis boini; then thrown fnrtlier down the web of the 
"Y, caaaing the iron to act with greater advantage. 

Let the Section shewn in Fig. 26 be selected, and for the salte of 
simplifying the calculations, let it be snpposed to consist of rectangles. 



Fig. 26. 



Fig. 27. 






=• 


e junrtion of the principal 


IwoBlr 


lU (P.^. 6, p. 1») ^ ,r <■■ 


(bnee 


ru..(Fis.7.f.l9S)4„,. 


raoTM 


•MlFig.».f. !»«).?.-.■ 
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Then the section for purposes of calculation is as in Fig. 27, the rivet 
holes being deducted in the tension flange. 

The bolt hole in the web, if properly filled, does not affect tha 
strength of the section and may be left out of cousideration. 

The centre of gravity of this nett section is \^ inch from the top 
edge of the table. 

The Moment of Inertia of the section about a horizontal axis passing 
through its Centre of Gravity = 2984. 

Here w = normal wind pressure + component, normal to the roof, 
of weight of roof and snow, per inch run of rafter = 
12-5 lbs. -h 10-37 lbs. x cos. 2r 4S' (angle of inclination 
of roof) = 12-5 -h 9-6 = 221 lbs. 

„ c = ^-f-^ = 49 inches. 
Then (eq. 2) ?^±J<J^^2ii^ 4- ?^^ = 19,456 -|- 3,972 

7= 23,428 which is much greater than 11,200 lbs. so that this section 
18 far too small. 

Try the section in Fig. 28. 




Then the neutral axis is at flinches from the top, 1=7, andy^ 
on the compression (lower) side = f -J inches, 
and 22\l x 49^ x Jj- 9^ ^ ^^^^ ^ 2^g2 ^ ^2,194, which is 

2x7 4 

1,000 lbs. more than 11,200 lbs. so that this section is too small, and 
another should be tried. 

2nd. The struts (B^ and Bo). 

These are to be treat ed'ns long compression bars hinged at both ends 
and subjected to a compression of 2,120 lbs. {Tension afid Compression 
Bars and Example 111). 

The Tension Braces (C^, Cg, Cg, Bg and Bg). 

These are to be treated in the manner already described in Tension 
and Compression Bars. 

N.B. The joints must be calculated by the methods given in Joints 
and Fastenings, the bolts being put as nearly as possible on the inter- 
section of the mean fibres of the different bars. 



EXAAIPLE V. 

Determine the m^zinia stcesscs in s wrou^lit-iron rixif IruBS of t 
form shewn in hCj. 29, onder the loUowing uunditiuuii : 

Clear apan, 100 feet. 

R'so of rib, 20 feet. 

tie, 7 feet. J 

Diiitance apart of tmsses, 16 feet. I 

Roof Doverinff, half, zinc on 1^* boarding, half, gliBS, cnrried on puF> ;i 
lina 8 feet epart, encb alternate purlin resting on the juints of the 
principal with the braces. 

Snow, 5 Iba. per square fout of horisnntal surface covered. 

Wind, horizontal and having a force of 60 lbs. per sqai^re foot of 
vertical surface directly opposed to it. 

The vertical braces are to be constructed (o net either as tension or 
oompreseioD bars ; the inclined intemiil braces are to he constructed aa 
tension bars only, incapable of rei^isting any material compreitsion 
without bending; the pnrts of the tie to be con^itracted as tension burs 
only, niilees on inves'igaiing the stresses, it is founJ that so no par. a 
actnidly come into compression. 

Fiy. 2tJ. 





Con.=trnct a dia^^m of the lines of rcaislance of the bars composing 
the truss (Plate Yi., Fig. I). 

Weightof roof covering and framing^llllbs. per square foot of roofing 

surface (Tables, pp. 190 and 191). 
Weight of snow = 5 lbs. per square foot of horiiotitat surface covered 
= ou 1st and 7th parts of rib, 3'91bs. per sq. foot of roofing sarfaue 
= on 2nd and Cth „ 4,-5 lbs. 

= on 3;-d, 4th, and 5th „ 5 lbs. 

equare foot of veitical surface, 
e varying on the different parts of 



iVind pressure, horizontal = .50 lbs. p 
it'hich produces a normal pressat 



the rib. 

Then the length of each pari of the rib being 16 feet, the t 
Meights on one trnss arc as follows ; 



'tal 



EXAMPLE. ] 


80WSTKING IRON ROOF. 

m 


2 


Roof covering, 4c. ... 7 


X l& X 16' X 13 lbs. = 


23,296 lbs. 


Snow 


100' X 16' X 5 „ = 


8,000 „ 


Wind (normal on one side): 






at foot of rib 


8' X 16' X 43 „ = 


5,504 „ 


at junction of first stmt 


16' X 16' X 34 „ = 


8,704 „ 


,1 second ,, 


16' X 16' X 22 „ = 


5,632 „ 


II third „ 


16' X 16' X 7 „ = 


1,792 „ 



225 



these pressures being obtained by considering that the wind acts 
normally to a tangent to the general curve of the bow, i.e,, in the 
direction of the radius, at the junctions of the rib with the other parts 
of the truss. 

As the weight is collected at the joints of the truss, and as the rafters 
are not continuous over more than one part of the rib, the distribution 
of the load is as follows : 

Roof covering, Ac., 1,664 lbs. at A and H. ; 3,328 lbs. at B, C, D, E, P, 
and Gr. 

Snow, 500 lbs. at A and H ; 1,080 lbs. at B and G ; 1,220 lbs. at 
C and F ; 1,280 lbs. at D and E, nearly. 

Wind, as already given. 

It is to be observed that the whole weight of the framing is taken 
as applied at the top of the trass. Strictly, half the weight of the 
braces, and the whole weight of the tie rod, ought to be collected 
at the points of junction of the tie and braces, but the error thus intro- 
duced is very small, while the construction of the diagrams is much 
simplified, in large roofs in actual practice, however, it may be well 
to distribute the weight accurately. 

Ist. To ascertain the stresses produced by the permanent load only; 
not adding the snow for the reasons given in Example IV. 

Lay down the external forces (Plate VI., Figs, 1 and 6). 

Determine the stresses on A^, C^ (Fig. 6). 

As either B^ or B3 is a superfluous bar, and both are by the conditions 
to be capable of resisting tension only, it is necessary to determine 
which of the two, supposing the other to be omitted, would be a 
compression bar ; and this baj* being constructed only as a tension bar 
must be the superfluous bar. For if a compression comes on it, it 
bends, and the tension comes upon the other bar, on which, therefore, 
the safety of the truss depends. 

If the stress diagram bo constructed first with B^ in and B3 omitted, 
and then with B3 in and B3 omitted, it will be seen that B3 is in com- 
pression with this load, and B^ in tension. B3 therefore is the supei- 
fluous bar. 

In the same way it will be found that B^, Bg, B9, B^f and Bj^ are all 
superfluous bars for the permanent load. 



2S6 KUMPLE. eoWSTKIHO IBON WIOP. 

2nd. To ascertain the etreeees produced by the bqow. 
Owing to the form of the roof, the snow U not a nmfonnly dia- 
triltuted loml, and n, UJagram ia reqnired. 

Constmcting n diu^iun (Plate VI., Fig$. 2 and 7), the Btreseea are 
determined, nnd thu Buuie bars arc found to be snperflaoas as with the 
permanent load. 

8rd. To ascertain the strossc-s produced by the wind on the left, 
roiif in its nnnnal ccudition aa to tempetatnre (sec rcniarku 
enbjeat, p. '222). 

The forces are F„ =5,504 lbs. 

l\ =8,704 „ 

„ Fi, =5,632 „ 

¥„ =1,792 „ 

and the reactions are ; 

At A, S.SOllba.. 7,lS71hB,, 3,fi30lbs., 
Parallel and opposite to the force which p 

At H, 1,567 lbs., 1,802 lbs., and 788 lbs., each acting parallel and 
opposite to the force which prodaces it. 

Componnd these reactions into two reactions, R, and R^ (P&Utf VI>, 
Fig. 8), and constrnct the stress diafjram {Plain VI., Fit/. B). 

The snperflaona bars in this oondittoa «^ the load are B,, B^ B- Bn, 
B,,. 

a the right, 

These are ascertained by inverting the last diagram. The super- 
flnons bars Bj, B^ B^, B^^ Bj,. 

5tb. To ascertain the stresses prodnced by the wind on the left, 
expansire or contractive force jnst equalling the (rictioa. 

When this occnre, the whole of the horieontal component of the wind 
pressure has to be token op by the left point of support ; the forcos 
and re-actions are as shewn in Plate VI., Fig. 4, irjox which the streaa 
ilingmm, Fig. 9, is obtained. 

The saperfluouB bars are Bj, Bg, B^ Bn, B^. 

0th. To ascertain the stresses prodnced by the wind on the right, 
expansive or contractive force just equalling the friction. 

In this case the forces and reactions are as shewn inPkieVI., 
F'lj. 5, and the stress diagram, Fig. 10, is obtained. 

TLo superfluous bars are B^, Bj, B,, Bi,, Bi^. 

The stresses may now be tabulated, and the maxima stresses obtained 
as given in the following table : 



I 
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Table of StrenscB. Gompreesions -f- . Tensions — . 



Btro—ea 
doe to 

1 


Roof 

corenng, 

Ao. 

8 


Snow. 
8 


Wind on 

left. 

roof in 

normal 

condition. 

4 


Wind on 
right, 
roof in 
normal 

condition. 
6 


Wind on 

left. 

end on 

point of 

motion. 

6 


Wind r.n 
right, 
end on 

point of 

motion. 

7 


Maxima 
Btresses, 

8 


Increaee 

of Btreng 

with80Ibp 

wind 

force. 

9 




lbs. 


lb«. 


lbs. 


lbs. 


Ibf. 


lbs. 


lbs. 


percent. 


A, 


•i-Hsoo 


•1- 9,600 


•1-89.000 


•»• 9,600 


4-80,400 


4- 8.000 


4-64.200 


88*4 


A. 


•»• 28,400 


•1- 9,000 


•1-80.600 


•1-10,800 


4-81,800 


4- 4.600 


4-68,200 


801 


A, 


•1-88,000 


•1- 8,700 


•»• 28,600 


•1-13,400 


4-86,000 


4- 7.806 


4-66.700 


26-7 


A* 


•1-81.400 


•»• 8,400 


•1-18,300 


4-18,900 


4-18,000 


4-18.200 


4-48.100 


226 


A. 


•1-28,000 


•1- 8,700 


•»• 13.400 


-»- 83,800 


4-13,400 


4-19.400 


4-64.600 


26-2 


A. 


•1-28,400 


+ 9,000 


•1-10,800 


4 80.600 


4-10.600 


4-26.400 


4-62,000 


296 


A, 


4-24,200 


•K 9,000 


+ 9,600 


4-29,000 


4- 9,400 


4-24400 


4-62,800 


27-7 


B» 


- 1,400 


- 700 


+ 8,800 


- 700 


4- 8,400 


4- 600 


- 2,800 > 
4-1.400i 


16 
1<^ 


B. 


" 1,200 


- 000 


Nil. 


- 2.200 


NU. 


- 1,800 


- 4,000 


33 


B, 


Nil. 


NiL 


- 8.800 


Nil, 


- 8.700 


NU. 


- 8,800 


60 


B4 


- 800 


- 800 


•1- 8.400 


4- 800 


4- 8.800 


4- 1.400 


-1.400] 
4- 3,000 j 




7H 


B. 


" 1,400 


- 400 


NiL 


- 8.600 


NiL 


- 3,400 


- 6,400 


40 


B. 


Nil. 


Nil. 


- 7.400 


Na 


- 8,800 


NiL 


- 8,800 


60 


B, 


- 1,200 


- 600 


•1- 8.400 


4- 1,000 


4- 2,200 


4- 8.200 


- 1,700") 
4-1,200) 



liO 


B. 


NiL 


NiL 


NiL 


- 6.600 


NiL 


- 6.600 


- 6,600 


W 


B. 


NiL 


NiL 


- 6.600 


NU. 


- 6,300 


NiL 


- 6,600 


60 


Bt. 


- 1.200 


- 600 


•1- 1.000 


4- 8.400 


4- 1,000 


4- 3.800 


-1.7()0] 
4- 2,600 i 



87 7 


Bt. 


Nil 


Na 


NiL 


- 7,400 


Nil. 


- 9.200 


- 9,200 


60 


Bt. 


- 1,400 


- 400 


- 8.600 


NiL 


- 4,000 


Nil. 


- 6,800 


37-2 


Bf 


- 800 


- 600 


-¥ 800 


4- 8.400 


4- 800 


4- 4.700 


- 1.400") 
4-3.900J 



72-3 


Bt* 


NiL 


NiL 


NiL 


- 8.800 


NiL 


- 9.400 


- 9,400 


60 


Bt. 


- 1.200 


- 600 


- 8,800 


NU. 


- 2.200 


Na 


- 4,000 


83 


B,. 


- 1,400 


— 700 


- 700 


4- 8.800 


- 600 


4- 4,000 


-2,800^ 
4- 2,600 J 


15 
92 3 


0. 


-18,800 


- 7,900 


-89.000 


- 6.400 


-81,800 


4- 8.000 


-68.500 


32« 


c. 


-19.600 


- 7,800 


-22,200 


- 6.800 


-84,800 


4- 7,800 


-62.100 


28*6 


0. 


-20.«0 


- 8.800 


" 16,800 


- 8.400 


-18,200 


4- 6.000 


-46.900 


232 


c* 


-81,400 


- 8,400 


-11,400 


-11.400 


- 13,100 


4- 8.000 


-42.000 


183 


c. 


-80,400 


- 8.300 


- 8,400 


-16,800 


- 9,800 


- 2.200 


-46,600 
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0. 


-19,600 


- 7.800 


- 6,300 


-22,200 


- 7,600 


- 9.200 


-49,500 


26-9 


c. 


-18,800 


- 7,900 


— 6,400 


-29,000 


- 7,700 

1 


-16.400 


-66,700 


31*2 



On examining this table, it is seen that in every condition of tlic 
load, the bars A| to A^ are in compression, and therefore that coti- 
dit'on of the loading, which produces the absolute maximum stress in 
each, must be provided for. 

This will be pro'luced when the snow is on the roof, and the wiiul 



blowing w!th its maximum force, in one of the fonr poBsible 
The maximnm stress in each c^e is shewn in colamn 8. 

Column 9 aliewa that, even when the wind blows with fiO lbs. hori- 
sontal force, the increase of the stress does not exceed 30 per cent, ia 
nay of these bars. They are iji the condition of bars fixed at both 
ends, loaded with a central weight, as well as their own wdght 
nil i form ly loaded, and nndcir a thrast also. 

It is to be obserred, that the wall or other snpport ftt the fixed end 
of the roof mast be able to resist the thrust prodnced on it. when the 
wind is blowing either from the left or the right with its fnll force of 
^0 lbs.. Bod the rullers at the other end are on the point of motiun, 
while the support at the roller end must be able to resist the thrust 
produced on it, when the wind is blowing either from the left or the 
right with its fall force of SO lbs., and the roof is in its normal con- 
dition AS to temperature. 

As reeards the internal brBCes, the table shewH that B,, B^, Bj, E,n, 
Bj,, and Bm, i.e,, all the vertical bars, are sometimes in tension and 
sometimes in compreseion, and they mnst be designed accordingly. 

These bars, as well as the other int«rnal braces, would be subjected 
to a large increase of stress with an increase of the wind force, and it 
iTonld be wise to provide against this by making the bars, especially 
those which have to act aa compreseion bars, larger than is necessary 
for the 50 lbs. force. 

This can be done without any considerable extra cost, as the Btressca 
ue comparatively small in amonnt. 

Tkkiag the case of bar B,^, the compression on it with 50 lbs. wind 
force is 3.000 ibs., while with RO lbs. wind furce it becomes 6,720 lbs., 
which ia still a comparatively small force to provide against ; or taking 
the cfiiBe of bar B^^, the tension, 9,400 lbs., is liable to an increase of 
60 per cent., and if 30 per cent, of this is provided for, the total stress 
is still comparatively smalt, and the bar will never be strained more 
than the rest of the trass. 

As regards the tie rods, Cj to C-, the table shows that in eveiT con- 
dition of the load, the tension proaoced by the weight of the roof itself 
is more than sufficient to overcome any compression prodnced in any 
of them (see bars Cj to C^, Col. 7), and they are therefore always in 
tension. 

In snch a case aa Fiff. 8, PJafe IV., which ia an example of secondary 
trussing {R.C.E., p. 546), i.e., a frame having small secondary trusses. 

Fig. 30. 
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ANG, GOB, BPL, LQC, forming part of larger primary trtuues, ADB, 
CEB, the siress diagram cannot be drawn by Maxwell's method alone, 
because in arriving at the points G or D, working from A, or at the 
points L or E, working from G, there are three forces, the magnitudes 
of which are unknown. But the difficulty is easily overcome by 
employing E.ankine*s method of sections to determine the stress on 
one of them. In this particular case the stress on DE can be deter- 
mined by supposing a vertical section to pa9s infinitely close to B, 
taking moments about B, and equating the moment of flexure of the 
forces acting on one side of that section, with the moment of resistance 
of the bars cut by the section. 

The stress on DE being determined in this manner, and inserted on 
the stress diagram, the unknown forces at D and E, are reduced to 
two in number, and the diagram can be drawn. 
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liT t)F A STRUCT USE C 



BTTTTEESSES. CHIMNEYS. WALLS. 



There aro two methods of designing atmctnrea, ■which are to he r 
posed of a nnmbor of pieces or blocks having plane enrfacea of oontact, 
Buch as hrii^ks or blocks of stone, and to he pat together either with 
moHar or without it. 

In the first method, supposing mortar to he used, its tenacity and 
adhesion are neglected, and it is regarded simply as a means of filling 
the interstices between the rough sarfaces of the bricks or stones, so as 
to give them a tme bearing on one aaotber. In this cose the stmctnre 
depends for its stabihty solely on its weight and form. 

In the second method the tenacity and adhesion of the mortar are 
taken into acconnt, the bricks or stones being boaitd together in one 
piece, capable of exerting, indopendontly of its weight, ft greater or lees 
resistance to a force apphed transFersely. In this case, lie weight and 
form of the structure are not Buob as to make it stable, and the deficient 
atability has to be furnished by the resisting power of the material. 

The first method is that usug^lly adopted in calculating tiie dimensions 
of heavy structures, such as ahntments far arches, or roof frames, re- 
taining walla for earth or water, and tall chimneys, in which even with 
- the greatest care unequal Rettlements are liable to occur, dislocating 
some of the joints, or fracturing the blocks themselves, and so destroy- 
ing the tenacity or adhesion of the material and its power of resisting, 
independently of its weight, a transverse stress. In such Btructures 
&ilare wonld he very serioas, perhaps causing loss of life. 

The second method inay he applied with safety in lighter structurea, 
and especially in long enclosure walls, where the prohahility of onequal 
settlement is small, and the coneequences of (ailnre comparatively 
trifling. 

It is shewn further on that unless the action of the wind on long 
walls is very much overrated, the majority of long enclosure walla 
actually constructed and standing, must frequently depend for their 
stability on the tenacity and adhesion of their material, their weight 
and form alone being iiisuSii;iBnt to give them power to resist the 
pressure of the storms which occur every year in this country, and 
wliich must act sometimes at right angles to the face of the walls. 

Stability or i Structure of Uncemested Blocks. 

The theory of the stability of a structure of uncemented blocks is 
given hy (h« Rev, Canon Mnselev ( Kniiinefrin/j and ArchHecturf, p. 406, 
B'iitlon, 1^55), and also by Professor Riuikine {Apidkd Mechanics, 
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p. 226, at seq, ; CivU Engineering^ p. 218, 896, et seq.), who takes into 
consideration a question not investigated bj the Rev. Canon Moseley, 
viz., the power of the material to resist crashing, and gives certain 
approximate rales for providing against this scarce of £ulare. 

This theory may be stated as follows : 

If the material of the blocks were not liable to crash, sach a stracture 
coold fail, ander any pressures that might be applied to it, only in two 
wave. 

Ist. By the oyertnming of some one or more of the blocks on their 
edges. 

2nd. By the sliding of some one or more of the blocks on their sor- 
faces of contact with the adjoining blocks, i.e., on their bed joints. 

Bat as all material is liable to crash, a third way of failure, viz., by 
crashing, is possible, if the pressure be great enough and distributed 
over too small a surface, and this must always, except in very light 
stractures of strong matenals, occur when overturning is about to take 
place. 

Failure bt OyERTURNino or Rotation. 

Let P^tg, 1 represent a structure of uncemented blocks, subjected to 
any number of pressures, I\, P^, Pg Pq. 

Let Gj, Gj, G3, Gq, be the centres of gravity of the blocks, 

1, 2, 8, n, and let W^, Wj, W3 W^, be their weights. 

^.1. 
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Then oommeneing at block 1, the forces acting are Pitending io 
overturn the block about O^, with a leverage Ox A^, and W^ resisting 
the overturning with a leverage O^ B^. 



23i PAILVRE ar oVEbTDRxnio. 

Then if Pi x OiA^ be great«r tlan Wj X 0,Bi, the block will 
overtam aboat Oi- 

If P, X OiAi be equal to W, X 0,B„ tbo block is on the point of 
OTertnrniag. 

If Pi X OiAi be less than Wi x OiB,, the block is stable, its 
stability being gretitiir in proportion a.s "Wj x OiBj is greater than Pj 
X OiA,. 

It is eaflily shewn in the first cane, that tho resultant R, of Pi and 
W| does not intersect the base Oj Qi of the block, but falls outside of 
that ba^e; in the second case, that R^ passes through 0,; in the third 
cose, that Rj intersects the sariace 0, Q, in some point C, inside of tiie 
point 0|. 

The first condition of stability of a single block is then, thst the re- 
Boltant of all the forces acting upon it must intersect its l>ed joint. 

Considering now blocks 1 and 2 together, the forces acting are P], 
P,, tending to overturn the blocks about Oa. with leverages OoAj, 0.;A^ 
respectively, and Wj, Wj, reBisting the overturn with loveragea OjB^ 
OjB,, respectively. ■ 

Then it Pi X O3A3 + Pj X OjA, be greater than Wj X OgBj + | 
Wj X OgB^, the blocks will overtam about Oj. 

If P, X OjA. + Pj X OjA, be equal to W, x O^B, + Wj X OjBj, 
the blocks are upon the point of overturuing about Og. 

If Pi X OjA^ + Pj x OjAj be less than W, X OjBa + Wj x 
Og Bj, the blocks are stable. 

Here as before, it can be shewn that in order that the two blocks may 
not overturn about Oj. tbo resultant II5 of P,, P,, W„ Wj mnst inter- 
sect 0} Qj in some point Oj. 

In the same manner the Gnccessive resottanta, Bg B„ of aU the- 

forces acting above any bed joint must intersect that bed joint. 

Joining all these points of intersection C,, Cg C^, a polygon is 

obtained which, if the joints were infinitely close together would be a 
curve, the intersection of which with any bed joint would give the 
position of the resultant pressure at that joint. 

The points of intersection are called Centres of Presaure, or Centres 
of Resistance, and the curve is Moseley's Line of Resistance. 

Now if the centre of preasnre at any bed joint were to be actually at 
the edge of that joint, the whole preasnre wonld be concentrated on that 
edge, which would in any ordinarily heavy structnre be nnable to bear 
the pressure, and would be crushea. 

If the centre of pressure were even too near to the edge of the joint, 
there might be sufficient concentration of the pressure on the edge to 
crush the material, and failure might enane. 

It becomes necessary therefore, to consider how far inside the outer 
edge the centre of pressure must be, in order to eliminate the risk of 
crushing, 

Now it is commonly admitted as true that when two Ixidics having 
plane surfaces of contact, are pressed together, as the bht-ks 1 and '2 
are pressed together in Fii;. i, the greatest pressure is at the outer 
edge Oj, and it decreases uiiiEonnly inwai-ds. 
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The pressnre, therefore, vanishes at a point Dj, Fig. 2, such that O^Di 
= 3 OjCi, and any breadth D,Ej beyond D, is under no pressure. 

The total pressure is therefore distributed over the distance C|Di, 
and its maximum intensity, i.e., at Oj, is equal to twice the intensity it 
would have, if it were uniformly distributed over OjDj. 



Fifj. 2. 




This maximum intensity roust not exceed what the material can safely 
bear (U.B.T,, p. 197), i.e., in ordinary structures from i to J (U.B,T,, 
p. 205) of the ultimate crushing strength of the material, according as 
the load to be borne is dead, or live. This is the second condition of 
stability. 

In actual practice the factor of safety is seldom as low as 8. 

Hence comes the following rule : 

The resultant of all the forces, applied above any bed joint of a 
structure of uncemented blocks, including the weight of the structure 
above thatched joint, must intersect that bed joint sufficiently far inside 
its outside edge to ensure that the maximum intensity of the pressure 
shall not exceed what the material can safely bear; and this maximum 
intensity is equal to twice the normal component of the whole resultant 
pressure divided by the number of units m three times the distance 
from the outside edge to the centre of pressure. 

Fig, 3. 
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To illustrate this, let Fig. 8 represent the section, 1 foot long, of a 
wall 2 feet thick, subjected to a pressure P; let the resultant E of Pand 



284 LiMirrRo positioji of cistki or fbessusi. 

W, tlie weight of the wall, intersect t1ie bnse si & distance of 4' from 
ontiiido edge, A, and let its narmal compooeiit hn equal to 3,600 lbs.-, 
then tbia aormal pressure will be distributed over the ouler 12" of tlie 
base of the wall, the intensity ot the tiornud pressure per square inch at 

A will be -'^ X 2 = 50 lbs. per square inch, and the inner half of the 

bsae of the wall is free from pressure. Tet the wall ia perfectly aafo 
both against overturning and crashing'. 

Professor Rankine {R.A.^f., p. 2'J7), says, " it appears that the 
exact def«rniinatioD of the limiting position of the centre of pressure 
at a plane joint is, atiictiy speaking, a question relating to the stienglh 
of materials (i.e., to their resistance to crashing). Neverlheless, an 
approsimatioii to Ihat posirion can be deduced from an examinntion 
of the examples which occur in practice, without having recourse lo 
an inrestigaiion founded on the theory of the strength of materials." 
And he then gives {R.A.M., p. 229) the followiiig approiimate extreme 
positions for ibe centre of presanre C, when tlie presanre is distributed 
oyer the whole of the bed joint in which C has this pi Bitiiin, dicreaa ag 
niiilormly from the side to which C is nearest, to m-thing at the 
opposite side : 

Rectangle (solid) \ j^ iJ — AC = iAB, 

Square (solid) *!Z?— AC=iAB. 

Eclipse (solid) *(^)»— AC = a AB. 

Circle (solid) *@iB— AC= |AB. 

Hollow square (factory chimneys) -^jglP — AC = iAB. 

Circular ring (factory chimneys) *^^^~~ AC = JAB. 

The simplest method of applying these principles in any particular 
case is to draw on a large scale the proposed structure, and to teat it 
for stability, altering the dimensions and form until the required 
degree of stability is obtained. 

When the pressares applied to the structure, and the bed joints of 
the structure are horizontal, this can be done very easily by equations, 
as in the examples oE chimneys given further on. 

When either the pressures or the bed joints are inclined, it is 
generally eimpler to work the problem by construction as in Example I. 



I 



rilLU&B BT SLIDING. 



235 



Failure bt Sliding. 

Takirig the same sfmctare and same forces as in Fig. 1, and com- 
mencing as before with block 1, the force, P] (Fi^ 4) may be resolved 
into two forces, one, Nj, normal to the bed joint, the other, Tj, parallel 
to the bed joint. 

Fig. 4. 

ft 




The force, Tj, acts to make the block slide along the block on which 
it rests in the directioii E^ 0^, while the force, N|, acts to press the 
blocks together. 

The weight, W^, of the block may be resolved in a similar manner 
into two forces, Mj and Q|, Q| acting to make the block slide in 
direction O] E,, and Mj to press the blocks together. 

Now by the laws of friction of solid bodies it is known that the force 
required to make one body resting on another commence to move along, 
that otfier is a constant proportional to the force pressing the two 
bodies together, its value depending on the nature of the surfaces in 
contact, and not on their extent. The value of this constant (com- 
monly called the " co-efficient of friction") has been determined experi- 
mentally for different materials (chiefly by General Morin), and it is 
given in Eankine's GivU Engineering, p. 172 ; Moseley's Engineering and 
Architecture^ p. 155 ; Useful Rules and Tables, p. 180 and 186. 

It is easy to show that the co-efficient of friction (/) is the tangent of 
the angle at which, if the lower body were slowly tilted up, the upper 
body would commence to move down it. 

This angle is called the "angle of repose" of the two bodies. 

It is further easy to shew that when motion is on the point of 
occnrring, the angle, which the resultant of any forces acting upon 
the block, including its own weight, makes with a normal to the surface 
of contact, is equal to the angle of repose. 

The forces acting to cause the block 1 to move along its base are 
therefore Tj — Qj, while the forces acting to resist the motion are 

(N, + Mi)/. 

If Ti— Q^, be greater than (Ni + Mj) /, the block will slide; if 
T, — Q,=(N, -hMj /, the block is on the point of sliding; while if 
Tj — Qj be less than (Nj+Vfj)/, the block is stable against sliding, 
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Tbe same reasoning appliea to everj bed jomt. and the second con- 
dition of mere stability is that the sum of the components pamlle! 
to the bed joint of all the forces acting above that bed joint, must not 
be greatur than the earn of their componentx normal to that bed joint, 
multiplied by the co<efficient of friction of the material. In other 
words, the angle which tbe resultant of all the forces acting above any 
bed joint makes with the normal to that joint must not be greater 
than the angle of repose of the material. 

It would appear desirable to allow a mai^n of secarity, and not to 
consider a structure safe, in which tbe direction of the resultant forces 
on any bod joint makes with the normal to that joint an angle, greater 
than that of which a certain fraction i>t the co-effioient of friction is 
tlio tangent, and it is propa^ed to Gi this fraction at {. 

There is seldom any difficulty in doing this, as in cases where sliding 
is at all likely to occur the bed joints can be inclined bo as to reduce 
the angle. 

In stractnres subjected to a single external pressure applied at or 
near the top, as in the ca^e of house waits and abutments of arches, it 
is evident that the direction of the thtnst makes a greater angle with 
the normal to the bed joint (supposing them to be parallel with one 
another) at the joint next below the pnint of application of the thrust, 
than at any other, and it is therefore only necessary to inquire into the 
stability of one joint. 

Where, however, more than one pressure is applied, it may bo 
necessary to inquire into the stability of seveml of the bed joints in 
this respect. 

The conditions of stability of a structure of nncemented blocks are, 
then, as follows: 

lat. The line of resistance must intersect every bed joint. 

2nd. The angle which the resultant pressure at any bed joint makes 
with a normal to that joint must not be greater than the angle of which 
J of the co-efficient of friction of the material is the tangeut. 

3rd. The point of intersection must fall snfliciently far within the 
outer edge to prevent any risk of crushing at that edge. 

EXAMPLES. 

It is considered unnecessary to give an example of a house wall, 
Itecause the thickness of such walls is necessarily determined by other 
cimsiderations than that of mere stahihty, such as keeping out the rain, 
ht'at, or cold, and they are therefore not calculated in practice, their 
thickness being determined by osperience. 

Tbe cases of retaining wnlla and arch abutments, are dealt with 
separately, and no example is therefore necessary here. 

The examples are consei|uently confined to buttresses, tall chimneys, 

and enclosure walls, the last being dealt witii under the second method, 

, t'.«., taking the tenacity and adhesion of the mortar into consideration. 
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EXAMPLE I. 

A battress of strong red brickwork weighing 112 lbs. per cubic foot, 
of the form and dimensions given in Fig. 5, and of a uniform width of 
5 feet, has to sustain two inclined thrusts in the positions, and having 
the directions and magnitudes shown in the same figure ; the tenacity 
and adhesion of the mortar to be neglected. 

Inquire into its stability by determining : 

1st. Whether the conditions of stability, laid down by Professor 
Rankine as regards overturning, are fulfilled at the joints AB, CD. 

2nd. Whether the maximum intensity of the pressure at A and C 
is limited to what is necessary to the security of the buttress. 

3rJ. Whether the battress is secure against sliding on the joints 
GH and EF. 

Rfyirt'irlis, 

The pressures P and P^, are the thrusts duo to a roof and an arch, 
and are intended to illustrate the method of working by construction. 

As regards failure by overturning, the buttress is evidently not liable 
to overturn at any point above K, the pressure P having no leverage 
above that point. 

It is also evident that the pressure P can never be deflected by any 
vertical weight, however g^eat, into a vertical direction, and consequently 
the resultant of P, and of the weight must approach continually nearer 
to the outside of iJie buttress as the height below K increases, so that 
the buttress is more likely to overturn at the bed joint AB, than at any 
joint above it. 

Owing to the increase of width at EF, it is not so liable to overturn 
about E as about A, and by similar reasoning to that just given, it is 
more liable to overturn about C than about any joint between C and E. 

From the increase of width below CD, the buttress is not so liable 
to overturn about any point below C, as about C. 

It is therefore only necessary to inquire into the stability as regards 
overturning and crushing at the joints AB and CD. 

As regards sliding, the bed joints most liable to slide are GH, where 
tlie upper pressu»^ is applied, and the joint immediately below the 
lowei pressure, which may be supposed to be at EF, and if these joints 
are secure, all others are so. 

Prdiminaries, 

Let P = upper pressure = 100 cwt. 
Pj= lower pressure = 160 cwt. 
1 cwt. = weight of brickwork per cubic foot. 

1st. As regards overturning. 
About AB. 

The weight of the buttress above AB= 806*8 cwt. 
The centre of gravity of this part of the buttress is in the vertical 
line ab. 

Produce P to K, intersecting db in a. 
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On any scale t.f parts make ac= P= 100 cwt., and on this same scale 
make ac/=8u6*8 cwt. 

Complete the parallelogram ad. 

Then ad on the same scale is the resultant pressure on AB, and it 
intersects AB in e, Ae being more than ^rd AB, the condition of 
stability is fulfilled at this joint. 

About CD. 

The weight of the buttress above CD is 1,296 cwt., and the centre of 
gravity of this part of the buttress is in the vertical line fg. 

On the same scale as before, make //i = P = 100 cwt., and ffj = 
1,296 cwt. 

Complete the parallelogram fl: Then fk on the same scale is tlie 
resultant of P and of the weight of the buttress above CD. 

Produce P^, intersecting /A; in Z. 

Make lm = fk, and on the same scale as before make Zn = P^ = 
160 cwt. 

Complete the parallelogram lo. Then lo, on the same scale, is the 
resultant of all the forces above CD, and it intersects CD in p, so that 
Ci?=Jrd CD. 

Hence the condition of stability is just fulfilled. K it were not 
fulfilled the dimensions would be increased, and if it were more than 
fulfilled they might be diminished. 

2nd. As regards the greatest intensity of the pressure. 

At A. 

Resolve the resultant ad, normal to and parallel to AB. 

Then aq is the normal pressure on AB, and it equals 864 cwt. = 
96,768 lbs. 

It is distributed over a surface 5' by 7*2'=36'x 144=5,184 square 
inches. 

It is very nearly uniformly distributed, the centre of pressure being 
nearly at the centre of AB. 

The intensity of the pressure at A is therefore very little in ex'-ess 
of the mean pressure, i.e., nearly 19 lbs. on the square inch. 

The ultimate crushing resistance of strong bricks being 1,100 lbs. 
per tquare inch, there is a factor of safety of ^7, 

To determine "accurately" the intensity of the pressure at A. 

Let N lbs. be the total normal pressure on one inch in width of the 
buttress. 
„ d inches be the distance of the centre of pressure from A=AC, 

(Fig, 6). 
„ I inches be the length of AB. 
„ n lbs. be the pressure per square inch at A. 
„ nj lbs. „ ,, „ B. 

The pressure being uniformly varying, decreasing from A, may be 
represented by a trapezoid, ABDE, in which AE=n, BD=n|, AB=lf 
AC =(2, and is the centre of pressure. 

Then the vertical through C passes through the centre of gravity of 
the trapezoid.* 



Pig. 6. 

hi^Uanagh F nnd G pass through the 
of the triangles EAB and EliB. 
Then CP : CG :: A BDE : A EA3 :: DB : AE :: ni 

andFG: CG :: n, + n : ■'. 
Now FG = 5 AB = i i. 

CG = AG - A C = f 2 - <(. 





Inthi8ca8eN=^'"'-^= l,61281b8. 



d= a 

whence n = 24'9 Ibn., or abont 61bR. per square inch mors Ihan 
was given by the less accurate method. 

This gives a factor of aatety of about 44. 

Ate. 

Resolve the resultant io, normal to and parallel to C D. 

Then h inthe normal pressure, and it equals 1,384 cwt. =155,008 lbs. 

It is distributed over a surface of 5 feet x 88=44 sq. feet=6,336 sq. 
inches. 

It is a uniformly varying pressure, increasing from nothing at D, to 

a masimnm at C, and its intensity at C therefore is (p. 233), ' 

X 2 = 48-8 lbs., which gives a factor of safety of more than 22. 
The buttress is amply safe against failure by crushing. 
3rd. Ah regards failure by sliding. 
At GH. 
Resolve the pressure P, normal to and parnllel to GH. 
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Its components are 57 cwt. and 82 cwfc. 

The weight of the buttress above GH = 432*4 cwt. 

The total force tending to produce sliding is therefore 82 cwt. 

The total force resisting it is (57 + 432'4=) 489*4 cwt. x co-efficient 
of friction (which may be safely taken at •5) = 244*7 cwt., or 3 times 
the first. The joint is therefore safe. 

AtEF. 

Resolve the pressure P| normal to and parallel to EF. 

Its components are 31 cwt. and 157 cwt. 

The weight of the buttress above E F = 886*8 cwt. 

The total force tending to produce sliding is 82 cwt. + 157 cwt. = 
239 cwt. 

The total force resisting it is (886*8 + 31 + 57) X •5=587*4 cwt., or 
more than twice the first. 

This joint is therefore safe. 

Summary, The buttress is secure in every respect. 

EXAMPLE II. 

It is proposed to erect a round brick chimney, of which the diametral 
vertical section (without projections of cap, and without fire-brick 
lining) is shown in Fig. 7. 

Enquire into its stability by determining : 

Ist. What pressure of wind the chimney is capable of bearing at each 
of the bed joints AB, CD, EF, when the position of the centre of pressure 
is at the limit given by Professor Rankine'a rule (p. 234) t.e., at 
a distance equal to |^ of the- diameter from the leeward edge of the 
diameter. 

2nd. Whether the maximum intensity of the pressure at the leeward 
side of any bed joint is limited to what is necessary to the security of 
the chimney. 

3rd. Whether the maximum intensity of wind in this country, taken 
at 55ibs. per square foot (see p. 242) normal to a vertical plane, is 
sufficient to make the chimney slide on any of these bed joints. 

The axis of the chimney is assumed to be vertical. 

The brickwork is supposed to be built with moderately quick setting 
mortar, such as blue lias lime mortar, so that its co-efficient of friction 
is that of dry brickwork (CT.JK.T, p. 186; R.A.M., p. 211). The 
tenacity and adhesion of the mortar is not to be taken into account. 

Bemarks, 

The only force tending to overturn a chimney, or to make it slide on 
any bed joint is the pressure of the wind. 

It is usual to assume that the wind blows horizontally, and with the 
same force at all heights above the ground. 

The effect of the slight batter on the outside of most chimneys may 
be left out of consideration without material error, tl\e more especially 
as any such error is on the side of security. 

As to the force of the wind, for which it is necessary to provide, 
there is some difference of opinion. In Applied Mechanics, p. 240, 
Professor Bankine says, " the greatest intensity of the pressure of the 
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wind against a flat finrfaco directly o[ipo<iLd to it, hitherto" (]>^i'4) 
observed in Great Britain, has been iJSIba per Rqiiaro fixrt, but at 
p. 149 it has lieeo shown tlmt the wind fonc mcfiaurcd in Greiit 
Britain has reached 80 lbs on the square foot, and it would seeni 
prndent to provide for this, at any rate in \eiy exposed aitnations. 

It will be seen that the chimney m this Example at its weakest joint 
is capable of resisting 47 G lbs. wind pressure ; that ia Example III. 
is capable of resisting 443 Iba. ; while the great chimney of St. Rollox 
quoted by Professor Eankine, is capable of resiating 55 lbs, at its 
weakest joint (B.A.M., p. C40). 
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As regards failure by overtnming ; the obimney is more likely to 
fail by overturning at the bed joint AB than at any joint above it, 
because, considering the chimney as a cylinder, the moment of the 
wind pressure increases as the square of the depth from the top of the 
chimney, while the moment of stability of the chimney increases only 
as the weight, t.e., as the depth from the top. 

In the same way it is more likely to fail at CD than at any bed 

i'oint between it and AB, and similarly, it is more likely to Wl at 
CF than at any bed joint between it and CD. 

The additional breadth and thickness of the base render it self- 
evident that failure is not likely to occur below EF, if the chimney is 
safe above EF. 

It is therefore only necessary to enquire into the stability of the 
three joints AB, CD, EF. 

As regards the maximum intensity of the pressure at the outer edge 
of any bed joint, it is manifest that if the joints be considered hori- 
zontal, which they sensibly are, and the wind as horizontal, the* total 
normal pressure on any bed joint is the weight of the chimney above 
it, and this is greatest for each section of the chimney at the joints 
where the thickness of the brickwork alters. It is therefore only 
necessary to examine into the liability of the material to crush at AB, 
CD, and EF. 

As regards failure by sliding, the force tending to produce sliding 
at any bed joint, t.o., the wind pressure, is simply as the depth of that 
joint below the top of the chimney, and so long as the thickness of the 
brickwork is uniform, the resistance to sliding is simpty as that same 
depth. Therefore, above AB, one joint is as likely to slide as another, 
and if the joint AB is secure they all are. 

Below AB, the weight increases faster than the wind pressure, and 
if AB is secure, all the bed joints below are also secure. 

It is therefore only necessary to enquire into the stability of AB as 
regards failure by sliding. 

The total pressure of wind against the side of a cylinder (B.A.W,, 
p. 240) is about one-half of the total pressure against a diametral 
plane of that cylinder. 

This gives the cylindrical form a great advantage over the rect- 
angular. 

Octagonal chimneys may be treated nearly as cylindrical. 

The chimneys given in Examples I. and II. are chimneys which have 
been actually constructed a few years since, and arc now standing. 

For the rules regulating the internal dimensions of furnace chimneys, 
see Useful Rules and Tables, p. 297 ; also, Molesworth*s Engineering 
Formtdm, p. 91, 92. 

Non,— The ordinary rale for the proportion of tall chimneys ia 

. _ 112 HP _ 12 P 

where A Ib the least area of the chimney in sqnare inches ; 

HP is the horse power of the boiler, i.e., tho number of cubic feet of water which it can 

raise fmm 212'' into Atcam per hour. 
k is the height of the chimney in foot, measured fVom tho level of the fire grate* 
F itt the nambor of lbs. of c:>al consumed under the boiler per honr. 
112 is a constant. 
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It is simpler to work tliis Example bf eqnationa tLan bj conetmctioi 

PreUnti7,aTioe. 

Let J lbs, = horizontal pressure of wind per square foot of flat si 

„ 100 lbs. = weight of brickwork in mortar. 

lat. Ab regards (nilnre by overtarniug. 

At'tlic bed joint AB; 
Me&n eaterna] diameter ^ ^'St-'i' 

„ internal ,, =; ti'Oi' 

^esn area of annulns = 2H'16 Rqnure fei-t. 

WeightofcliiniQeyobove AB= 2818' X 38' X 100 = 107,084 lbs. 
Moment of stability at AB = 107,084 X ^= 257,002 ft. Iba. (I}| 

Preasare of wind above A B = at x 895' x 38' = 8401 x lbs. 

Tbe position of the centre of pressure ia at 18'5 feot above A B, i.e, at 

the contrt' of figure of A B H K. 

Momciil uf I'rossui'f? ^ [ilU'l .<■ X IS'O' = t.V2;iJ .,■ ft. lbs. (:») 

Eqnating (1) and QS) 

6,292 X = 257,l.>u2 

K = 40'8 lbs. per sqUurf foot. 

As thia is the value of x for a wind acting on a flat surface directly 
opposed to it, while the chimney nudcr consideration is cylindrical, the 
pressure which the chimney fan bear at AB ia 81"f>lbs. persqoare foot. 

At the bed joint C D ; 
Mean eiterual diameter between A B and C D = 10-3' 

„ internal „ „ = 7-'i' 

„ area of annnlus ,, = 4147 Kquare feet. 

: 107,084 + 41-47' x 38' x luO = 

Moment of stability at C D = ^(;4,C70 x 11= 7i:7,B43 ft. lbs. (3) 

Pressure of wind above C D ^ D-fio' x 7tV x j- = "u3-4 .c lbs. 
The pOBition of the centre of pressure ia at oli-2 feet nbme CI). 
Moment of I'rL'ssure = TS'^'-i- ^ x 3G-2' = M,oi'-' ■'■ H. lbs. (4) 

Eijuating (;i) and (4) 

^iO.cil!) .c = 727,!^ l:i 

.,■ = -27 i lb- |„-r s<|.mfof.><,t. 
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Bence, as before, the chimney can resist 54*8 lbs. on the square foot 
above CD. 

At the bed joint E F. 

Proceeding as above ; 

lbs. 

Moment of Stability at EF = 458,530 x il±= 1,493,927 ft. lbs. (5) 

4 

lbs. 

„ Pressure „ = 1,174-2 a; x 533' = 62,585 x ft. lbs. (6) 

and 62,585 x = 1,493,927 

= 23-9 lbs. 

and the chimney can resist 47*8 lbs. on the square foot above EF. 

This chimney therefore falls a little short of the amount of stability 
considered necessary by Professor Rankine. 

2nd. As regards the greatest intensity of the pressure. 

At the bed joint AB. 

If the bed joints be regarded as horizontal, which may be done with- 
out sensible error, the normal pressure is the weight of the chimney 
above the joint, i.e., 107,084 lbs., and it decreases uniformly &om one 
side to the other across the diameter of the chimney. 

The area of the ring at A B is 303 square feet. 

The mean intensity of pressure is therefore ^-^-7^7-^ — ^-tt = 24*5 lbs. 

^ ^ 30*3' X 144 

and the maximum intensity, being tyv^ice this, is 49 lbs. 

As strong red brick can bear 1,100 lbs. per square inch, there is a 

&otor of saiety of between 22 and 23. 

At the bed joint C D ; 

The weight of the chimney above CD = 264,670 lbs. 
The area of the ring at C D = 44*5 square feet. 

The mean intensity of pressure = jT t / ~n i^ ~ '^^ '^ ^^* 

The maximum intensity of pressure = 82*6 lbs. ; and the factor of safety 
is between 1 3 and 14. 

At the bed joint E F ; 

The weight of the chimney above E F = 485,830 lbs. 
The area of the ring at EF = 61*6 square feet. 

The mean intensity of pressure = ./•' ~'~iIZ ~ ^^^ ^^' 

The maximum intensity = 1094 lbs., and the factor of safety is 10 
nearly. 

There is no fear therefore of the bricks crushing at any of the joints. 

3rd. As regards failure by sliding ; 

It is only necessary to enquire into the stability of the joint AB. 

Ib8. 

55 
The maximum wind pressure above AB = S-lO'l' x *— = 9,353 lbs. 



'iW- exaufle. agcARE srick cniHJftx 

Tho wciglit of liio cliimnoy above A B = 107,08-1 Iba. 

Taking tho co-cfliciient of friction nt '5, tho torce to reelst Bliding 
= 107,954 X -fl = 53,o42 lUs. or S timoa as imich oa the force tending 
to prodace it. 

It baa alritnily been shown thnt if the joiut AB is Bocnre against 
eliding all othurs are at leusE equally bo. 

Bwrnmary. 

It appears thnt this cbimnej, supposing that no rnlianco is pjacod od 
the tenacity and adfaosion of the mortar, is safe againkt a wind pressure 
of i7"8 lbs. per square foot of a flat snrface directly opposed to it. 

If the wind prcasore were to exceed 47'& lbs. por sqaare foot, the 
centre of prosRoro wonld approach eomowhat nearer to the leeward 
side of the chimney, and tho maiiiuQiu intensity of the pressure would 
be increaacd, There is, however, even at the weakest joint, a factor 
of safety of 10, so that there wonld be little danger of the bricks 
crashing under tho increased intensity of preaaare dne to the e:(cceB of 
tho wind pressure. 

To fulfil the conditions laid down by Profecsor Rankine, the diauirtcr 
and thioknesa of brickwork at the bottnm of tho ohimncy shaft, shoold 
he somewhat increased, and ptill more for 80 lbs. wind preaanre. J 

In regard to sliding Iho chimney in perfectly eafo. ■ 

EXAMPLE IIL ' 

It is proposed to erect a square brick cbimn^, of whicli the side 

elevation and i/cntml voi-ficul Rcclion (omittinff pnijec lions of cap, and 
without the firo hri,.'k hiiiiiL;") nre as sliown in /'V-;s. 8 und 0. 

JlJnquire into it« stability by determining, 

let. What pressure of wind the chimney is capable of bearing at 
each of the bed joints AB, CD, EF and GH, -when the position of the 
centre of pressure is at tho limit given by Professor Banldoe's mio, 
(p. 234), i.e., at a distance equal to -^tb of tho width of the joint from 
the loeward edge of that joint. 

2ud. Whether the maximam intensity of the pressure at the leeward 
side of any bed joint is limited to what is necessary to the security of 
the chimney. 

3rd. Whether the maximam pressure of the wind, taken at 55 lbs. 
(see p. 242) per square foot normal to a vertical plane, is snfficient to 
mnkc the chimney slide on any of the bed joints. 

The sdme asSamptions arc made as iu Example I. 

HemarJiS. 

The remarks as to pressure of wind, already made on Bixample I. 
apply equally to this Example. 

As regards failure by overturning, tho stability of the bed joints AB, 
CD, EF, GH, must be enquired into. Below GH the projecting but- 
tresses will prevent overturning, it the cuuditions of stability arc 
fuKilledat tliHt joint. 
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As regarda failure by cmshing, it is nccessaTy to enquire into tlie 
maiimiun intensity of pressnre &t the same joints. 

As regards failure by sliding, it is Bnfficieat to ouqnire into the 
Blability of the joint AB. 
Prelvminariet. 

Lot X lb8.=: horizontal pressnre of wind per Eqnare 0: of flat sorfnce. 
„ 100 „ = weight of brickwork in mortar. 

Fig. 8. Fii/- 0. 






let. As regftrdR failure by overtuming. 

At the bed joint AS. 
Mean external side above AB = 7'8' 

„ internal „ „ „ ^= 5'5' 
Mean area of hollow Bqtiut* = 30'lj square feet. 
Weight of cliimneT abovo AB, detluctinf; recees, 
= (30-6 X 22-3 - 4 X 4' X 11' X g') 100 lbs = 61,G38. 
Moment of Btftbility at AB = G1.638 x^ = 170,S32 ft. lbs. 

PresBiire of wind above AB =^ x x 7*ft' x 22'3' ■= 1 74 *. 
The position of the oenlre of prcaani'e is at lO'D ft. above AB. 
Moment of pressure = 174 j' x lUii' = 1,897 ft. Iba. (2) 

Equating (1) aad (2). a = ^^ = 89-8 ib«. 

At thp joint CD. 

Mean external sdde between AB and CD = 875' 
„ internal „ „ „ „ ^ ■5-75' 

„ area of hollow 9()tiare „ „ =: 43'5 Bqnare feet. 

Weight of chimnoy above CD, deducting recesB = 61,638 + (43' 
X 23' ~ 4 X 4-5 x 23' x f) 100 = 61,638 + 84,52S = 14ti,163 11 

Moment of atabUity at CD = 146.1C3 x ^ = 448,233 ft. Iba. (1 

Preeeure of wind abovo CD = a x 825' X 45'3' = 873-7 x. 
The position of the centre of preaaure is at 211 ft. above CD. 

Moment of Pressure = 373-7 x x 21-8' = 8.147 ft. lbs. (4) 

Equating (1) and (4), x = ^j^^f = 55 lbs. 

At the joint EF. 

Mean external side between EF and CD = Q-7' 
„ internal „ „ „ „ = 6'0' 

„ area of hollow sqnare „ „ = 58-1 square feet. 

Weight of chimney above EF, deducting roces8= 146,103 + (,';8-l X 
22-5' - 4 X 5' X 22-5' x f) 100 = 146,163 + 11.3,850 = 260,013 Iba. 

Moment of Stability = 260,013 x 1^' = 884,044 ft. lbs. (5) 

Pressure of wind above EF = x x 875' x 678' = 593-3 x. 

The position of the centre of pressure is 32 feet above EF. 

Moment of Pressure = 18,986 x ft. lbs. (G) 

Equating (5) and (6), 

884,044 ,. ,. ,, 
" = T8J)86- = -^''"'^- 
At the joint GI£. 

Mean external side between GH and EF = 106' 
„ internal „ .^ n ,> ^ 6'1' 

„ area of hollow square „ „ = (5'2 square feet. 
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Weight of chimney above GH, deducting recess = 260,01 3 -f (75*2 X 
18-2' - 4 X 5-5' X 18-2' x f) IQo = 260,113 + 121,849 = 381,862 lbs. 

Moment of Stability = 381,862 x - = 1,400,161 ft lbs. (7) 

Pressure of wind above GH = » x 9-15' x 86' = 7869 x. 
The position of the centre of pressure is 40' 1 feet above GH. 
Moment of pressure = 31,5t»5 x ft. lbs. 

Equating (7) and (8), 

_ 1^,161 _ 44 3 1^, 

2nd. As r^ards the greatest intensity of the pressure. 

At the bed joint AB. 

Normal pressure = 61,638 lbs. 

Area of bearing surface at AB = 32*9 square feet. 

Mean intensity of pressure = —.-^JlI-—^ = 13 lbs. 

Maximum intensity at leeward side = 26 lbs., which gives a factor 

of safety for strong brick of ' , = 42. 

At the bed joint C D. 

Normal pressure = 146,163 lbs. 

Area of bearing sarfat'o at C D = 46*2 square feet. 

Mean intensity of pressure = ^^ ~ 'Ha. ~ ^^ ^*'®* 

Maximum intensity = 44 lbs. 
Factor of safety = 25. 

At the bed j int KF. 

Normal press a re = 260,013 lbs. 

Area of bertring surf.ice at EF = 61 8 square feet. 

Mean intensity of pressure = - — -r-^ — —7t=^ 29*2 lbs. 

^ ^ 61-8 X 144 

Maximum intensity = 58*4 lbs. 

Factor of safety = 19 nearly. 

At the bed joint G H. 

Normal pressure = 381,862 lbs. 

Area of bearing Fui'face = 78 8 square feet. 

Mean intensity of pressure = -.^Q-Trr '^j, = 33*6 lbs. 

Maximum intensity = 67*2 lbs. 

Factor of safety = 16*4. 

So that the chimney is safe against crushing with any wind pressure, 
that it is capable of withstanding within Professor Bankine's Imiit, i.e., 
44 lbs. per 8(|uaro foot. 



Srd. As regards failure by sliding. 

It is only necessary to enqnire into Ihe stability of the j.riiit A B. 

Tbe maximnm wind pressore above AB = 174' X B5 =0,5V"Ull>a. 

The weight of the chimney above A U = Gl,638 Iba. 

Taking the co-efficient of friction at "5, tbc force to resiat sliding 
= 61,638 X 5, = S0,819 Ibe., or three times os much as ihe f.>rce 
tending to produce it. 

Summari/. 

It appears that this chimney, supposing no reliance to be placed oa 
tbe teoacty and adhetiion of the murtar Ir safe against a wind prCRsnre 
of 44 lbs, per Eqnaie toot of flat sni face directly cppused to it. If Ihi: 
wind pressure were to exceed 44 lbs, per Bqnare foot, the centre of 
pressure would approach somewhat nearer to the leeward side of tho 
chimney, and* tie maiimum intensity of the pressure would be 
increased. There is, however, even at the weakest joict, a factor of 
safety of over 16, so that there would be little danger of the bricka 
crushing even under the incre.'ised intensity of the pressure. 

To fulfil the conditions laid down by Professor Rankine, the dimen- 
sions of the chimney near the base should be somewhat increasud, and 
for 80 lbs. wind pressure, they ehoald be increased a good deal. 

In regard to eliding the chimney is perfectly safi:. 

Chimneys should be bnilt at a distance from the boiler baildings, and 
connected with them aft^r the chimney has settled (o its full extent. 
Without this precaution, unequal setilement and di»:ruption of tbe work 
are, owing to tho g-i-cat weifrhl of the chimney and CLtriatijuent ^Teatcr 
intensity of pressure on the soil below, sure to occur. 

Enclosure Walls. 

The following enclosure walls have been actually constructed. A 
long length, 550 feet, of one of them (No. 4) was blown over, aa if it 
had been hinged at the footings. 

They are given as typical examples of enclosure walls, and are 
intended to show, that if the wind acts as a horizontal uniformly dis- 
tributed force normal to the wall, with a force of 55 lbs. on the square 
foot, these walls can only remain standing by virtue of the tenacity 
and adhesion of the mortar. 

Wall No. I. 

Weight of material = 112 Iba. per cubic foot. Pressure per square 
foot required to overturn the wall = •27''.i lbs. This wall was built with 
brick in grey chalk linie mortar, 2 sunds (see Fiys. 1!5 and 14, 
Example V.). 

Wall No. 2. 

Weight of materia] = 112 lbs. per cubic foot. Pressure per square 
foot required to overturn the wall =■ 21 lbs. TLia wall was built in grey 
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Stcluorv. 

Wall No. 3. 

Weight of material = 112 lbs. per cubic foot. Pressure per square 
toot required to overturn the wall = 19*6 lbs. This wall was built in 
grey chalk lime mortar, 2 sands. In this case the wall being very 
low, the friction of the wind against the ground would act more than 
in the other cases. 

No, 3. 




SnHoTt 



E '."/"• >"U1' "/t:^ ' vr; y^r// <«/ •Tr-VTTV^ "7?" 



A/l^ * 



10' 






Plouv 



Wall No. 4 

Weight of material = 105 lbs. per cubic foot. Pressure per pquare 
foot required to overturn the wall = 18 lbs. This wall was buiJt in 
pure lime mortar, 2 sands, and was blown down about 18 months after 
it was built. 

It, therefore, appears advisable in constructing an enclosure wall of 
an ordinary section to provide a mortar of considerable tenacity and 
adhesion, and these walls should be treated as structures of cemented 
blocks. 




Steucicrks or Cemevilij Blocks. 

Tfae following remarks appl; only to structnreH wfaoae weight and 
form alone are iusnfScient to eiisure their Et^iliilily lui ivgnrds oTertam, 
Biid in which consequently the tensile rcfitBiance of the inatcnal is 
called into action. 

The danger of failure by sliding is done nway wilh in stmctures of 
this kind, tho force lending to prodnce sliding being resisted both by 
tho Iriction dne to tbe weight of the structure, and by tbo Bhearing 
strength of the material, irhich latter forces in erery case far exoeed 
the fiHTner, 

It is thert'fi'it> oi\ly nece-sary to enquire into the stAliilily ns regnrda 
overturn and na regards crushing, 

Iri considering the stability of eni-h st:uctnres, it may be os^nrned 
that the Engineer has so designed his footings X (F-j. 10), and bis 
touiidatioDS B, that they cannot bo torn ont of the ground. 

Fij. 10. 




In this case tbe bed joint AB will, in every case occurring in 
practice, be the joint wliere friicture will firsl tend to take place, tho 
moment of any force or forces applied to tbe stm':ture being greater at 
AB, than at any joint above it. 

Let Fvj. 1 1 repreeent the tranSTerso Eection o( a straotnre of 
cemented blocks. 
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Let G be the centre of gravity of the section, and let W be the 
weight of a portion of the structure, one unit in length. 

Let fall the vertical GM through G, intersecting AB in M. 

Then M is the centre of the pressure duo to the 'weight W of the 
structure, and this pressure (p. 238) is distributed as a uniformly 
varying pressure over a portion or the whole of AB, being greatest 
at that end of AB to which M is nearer, and decreasing uniformly 
towards the other side. 

Let now the pressure P bo opplied gradually. The effect is to make 
the centre of pressure move gradually from. M towards A, the intensity 
of the pressure at B decreasing, while tliat at A increases. 

When the pressure P is sufficient to move the centre of pressure as 
fer as C, so that AC = J AB, the pressure at B is relieved entirely 
(p. 233). 

If the pressure P be still further increased, the centre of pressure 
moves still further towards A, and a tensile resistance is simultaneously 
excited at B, and for a curtain ilisiance inside it, which retards the 
further movement of the centre of pressure. 

If the pressure P be supposed to be sufficient to have moved the 
centre of pressure as far as D, notwithstanding the tensile resistiince, 
the whole pressure is distributed, decreasing uniformly from A, over a 
part of the bed jo»nt AE ^3 AD, and a tensile resistance increasing 
uniformly from nothing at E to B is excited over the remaining part 
EB of the joint. 

Now the position of the centre of pressure, and the amount of the 
tensile resistance excited are dependent on one another, and neither 



can be assnmt'd, and it is necoBSiary to determiue ihu rt-liitioii between 
tliem. 

Bfferring to Fiy. 11 ; reanlva the jjrcssnrc P iiito two com [ton puts, 
nnrmol ti> wnd pitmllul U' AH, and U-t tliem rospeotivoly bo N and V. 
Draw HF perpeiiUicular tu AB, tbcn F is tbo ct'iitre of pressnro on AU 
(if the force X. 

Resolve W similarly into two componcnta and lat them be rcs- 
pectiwly Q nnd S. 

Find tlie resultant pressure H of N and Q, and its point of appli- 
eation K on AB. 

Thou the normal pressures N and Q are distrilnited over the whole 
or A portion nf AB as a uniformly varying etreaa, the intensity of 
which is greatest at the ond of AB lo which K is nearer, ami 
diminishes towards the opposite end. 

Let n and n, be the intensity of the pressure at A and B reepec- 
tively, due to the normal pressnre N + Q. 

These vulnes can be ascertained from tlie formnlffi given at p. 240. 

The force V produces a bending abont a horizontal axis passing 

tiirongh the centre of gravity of AB, just aa in a beam fixed at one 

end, and when equilibrium obtains, the moment of this foree is equal 

to the moment ol resistance of the eection of the bed joint AB ; i.o,, 

Moment of Flernre ^ Moment of Rcaiatance =^e — 

'Jc 

where /„ = intensity of the compres.iiou at A or of the tension at B. 

y ■=■ distance of the nentml ana from A or B. 

I •= Moment of Inertia of the bed joint AB, one nnit wide, abont 

nil axiw passing through its centre of grnvily. 

, . Moment of Flexure X y„ 
whence/, = ^ — . — sa. 

and the total intensity of the compression at A = k + /„. 
„ „ „ tension at B = n, —/„. 

In order that the structure may not tend to overturn, «|— /o most 
not exceed the working tenacity of the blocks or mortar, or their 
adhesion to one another. 

In order that the structure may not tend to fail by crushing, n + /„ 
must not exceed the working resistance to crushing of the blocks or 
mortar. 

EXAMPLE IV. 

A lonj; enclosure wall IGft. high {Fir,. 12) and three bricks thick, of 
brick in iijdr.iulic mortar weighing 100 lbs. per cubic foot, is built in an 
exposed pn&ition in a country where the force of tlie wind has been 
registered at 5-5 lbs. ou tlie square foot. 

Determine the comprefl^ion per sqnnre inch on the lee aide of the bed- 
joint at the footings, and the tension per square inch on the windward 
side of" the same joint, when the wind is blowing perpendicuhirly to the 
face of the wall, with its maximum force, and uniformly all over it. 

The tenacity and resistance to cruEhing of the materials to he taken 
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Fig. 12. 




from the tables (U.E.T.y p. 203, 204). With regard to their adhesion 
to one another, see note at the end of the paper. 

Iiemarks. 

The height of this wall is an ordinary height for the enclosnre walls 
of dockyards, prison yards, &c. 

Snch walls are, however, seldom made so thick as three bricks, or of 
nniform thickness, being more generally of the plan and section given 
in Example V., but in this example an uniform width has been given 
for the sake of illustrating the principles as simply as possible. 

There can be no doubt that in any but very open and exposed 
positions, the force of the wind never acts with its full reo:istered force 
on a long length of a low wall, and even in such positions there must 
be some reduction in its force near the lower part of the wall, owing to 
the friction of the wind along the ground. 

But it is certainly judicious in exposed positions to neglect this 
source of reduction of the force, and to provide for the maximum 
registered pressure. 

As the wind seldom blows with its maximum registered force, and 
still less often with its maximum force normal to the face of the wall, 
it is justifiable to calculate upon the mortar having time to acquire a 
considerable proportion of its ultimate tenacity and adhesion to the 
blocks before ihe wall is subjected to the greatest pressure it can ever 
have to bear. 

Referring to Uf^efnl Rules and Tables^ p. 204, it would be justifiable 
to calculate in this case upon the tenacity of good hydraulic mortar 
one year after mixture, given at 140 lbs. per square inch, allowing a 
proper factor of safety (say 3, as the force is only occasional), and 
upon the adhesive resistance of the mortar being 36 lbs. per square 
inch (see note at end of paper) with the same factor of safety. 



DLTIKESeSD EHCXOSIIRK WJtL. 

The altitnnte cmshinp reststnnco I'f gond brick is 1,100 Iba. per 
square inch (U.Il.'., p. 197) "H'i Iho ollimste crnshii g waiatance of 
good hydraulic tuortar is teitainlj' uot less than JOOlbs. per eqaare 
inch. 

Prellminanri. 

Let Wlb3. = .vpight of a portlcm of tho wnll imn font long = 
ibB. nt. 

lb' xV X 21' X 10i)= 3,600. 

In this case N = 0, and the total normal force = W = r,,fiOO. 

AIbom =»;, =_^ ■ .yi= IIU lbs. per square inch. 

Also Moment of Plcsiire =r W^nd pressnrc X half heiglil of wail. 
= 16' X 1 X 55 IbB. X 8' X 12 = 84,4aiJ ii.ch llw, 

Moment of BcsistancG =■-" — -^—^^ — 



whence /„ = 68 Ilia, por aqnnre inch (nearly). 
andn+ f^=^ll'l\ + 58^ f'.fl llja. per square inch nearlv Ceompression). 
n-/„ = llll-.W = 471b^. ., .. ■ (tenxioii.) 

There in thert-fore a factor of satotj of ^ = 7'2 dgiiinst crashing, 

Irat the wnll mnst fail bv the opening' of t'le joints on the windward 

Pi.le if the wiiid (H-er binw.i (v tli its iinxim.im f .rcc, nonn^tl to i's f^icc, 
the adhesive resistance which the niateiials are capable of eierting 
being far below what ft noccs^arj. 

This source of danger might be entirely avoided by using cement 
morlar in the lower pai t of the wall. 



EXAfilPLB V. 

A long enclosure wall, 16 feet high, and of the plfin and sect' on given 
in Fiij'. 13 anil 14, of brick in hydraulic mortar, weighing 100 lbs. per 
cubic foot, is built in an exposed situation in a country where ihe force 
of the wind has been registered at 6b lbs. on the square foot. 

De' ermine the compression per square inch on the Ice side of the bed 
joint at Ihe fnotingH, and the tension per square inch on the windward 
side of the same joint, when the w;nd i-. blowing porpendiculai ly to the 
face of the wall with its maximum lorce, and oniformlj all over it. 

The tenacity of the mnteriiila, and their resistance to crushing, to be 
taken from the tallies. With regard to their adhesion to one another, 
see note at the end of the paper. 

The same remarks apply as in last example. 
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StdioTV 0/t AB . 

As the wall is not naif orm in section thronghont, it is best to consider 
a length of the wall between the centres of two alternate piers, which 
is in fact a unit of the wall. 

Then W = (19-5' x 16' x 1-5' + 6' x 16' x f) 100 = 50,400 lbs. 
In this N = 0, and the total normal force = W. 

Also n = ni = ll*ll lbs. per sqnare inch. 

The height of 16' is taken, becanse the coping being inclined does not 
offer the same resistance to the wind as a vertical surface. 

lbs. 

Moment of Flexure = 19*6' x 16' x 55 x 8' x 12 = 1,647,360 inch lbs. 
Moment of Resistance = '^ (tV x 8' x 12 X 278+tV X l^'^' x 12 X IS^). 

= /o^^|^=/oX 11,502 



whence/, = - ' =143 lbs. per square inch nearly. 

and »* +/o = 11*1 4- 143 = 154 lbs. per sq. inch nearly (compression) 

«!-/, = IM - 143 = 132 lbs. „ „ (tension) 

There is therefore a factor of safety of more than 3 in compression, but 
this wall must fail by the opening of the joints on the windward side, 
if the wind ever blows with its maximum force normal to its face, the 
adhesive resistance of the materials being far below what is necessary. 

This source of danger may be entirely avoided by using cement 
mortar in the lower pa^ of the wall* 
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EETAINING WALLS. 



A Retatnino wall, properly speaking, is a wall built to retain an 
artificial bank of earth, and is to be distinguished from a Breast wall, 
the oflSce of which is often merely to protect a newly exposed sur&ce of 
earth from the weather, and by so doing to prevent its getting into a 
condition to require greater support. 

The dimensions of this latter class of wall must depend upon a variety 
of considerations, such as the length of time the newly opened ground 
is exposed to the action of the weather, the nature of the strata cut 
through, and their inclination. 

Thus in Fitj. 1, taken f»x)m DohsotCs Art of Building^ p. 22, the wall 
towards which the strata dip, should manifestly be made stronger 
than the wall on the other side of the cutting, where it neea be little 
more than a thin facing to protect the ground from disintegration. 

Fig, 1. 






Again, if the soil cut through consists of clay which has been 
subjected to great pressure, it swells and exercises a force on the back 
of the wall, which it is very difficult to estimate, though this might 
perhaps be done by sinking trial pits behind the site of the wall, and 
inserting some means of measuring the force of expansion. 

The dimensions of such walls must therefore be determined by 
experieuce. 



In catcalfttions for retaining walls proper, the Engineer requires to 
know or bo ofisame the angle o( repose of the earth to be sapported, the 
angle of repose of masonrj on masonry or briclcwork on brickwork and 
on earth of different kinds, and the woiglits of earth and masoniy. 

The angle of repose of earth is the angle at which a bank of that 
particular earth will stand permanently, when the adhesion between the 
particles has been destroyed by the influence of the wealher, and the 
earth depends for its stability upon friction alone, and when the stata 
of the earth aa regards moistnre is the same as that in which the earth 
behind the wall can, by proper drainage, be ensured to remain. 

The angle of repose of masonry on masonry, brickwork on brickwork, 
4c., is the angle of which the co-efficient of fiiction of the particular 
materials is the tangent (p. 235) , Tliis does not take into consideration 
the resistance of the material to shearing. 

The average values of the weight of earth and nrneonrj, and the 
angle of repose, and co-efficient of friction of variona kinds of earth and 
masonry, are given in Ttible* I., II., and IIT. ; but it ia always better to 
' 3 these values by observation or experiment, where practicable. 



TABLE I. 

From Itankine's Viefid RuUim and Tahha, and Dnwia 
Railwai} Conetruelion. 





AusWtf 


"Sfissr 


Sand, fine and dry 


BT^toBl" 


-} 89tba. 


„ wet 


art" 


to 


., very wet 


32" 


) 118 lbs. 


Vegetable earth, dry 


29° 


100 lbs. 




•45° to 49= 


to 

120 lbs. 


„ „ very wet 

,, punned 


1"° 

66° to 74,° 


Clay, dry 

„ dfljnp ... ■) 

„ well drained) 

„ wet 


29= 
45° 
16° 


) 120 lbs. 
[ to 
\ 135 lbs. 


Gravel, clean 


48= 


~1 90 lbs. 


with sand 


26° 


f to 


Loose shingle... 


39° 


) 110 lbs. 


Peat ... 


14° to 45= 




TABLE II 






From the same source 


as Table I. 




Brickwork in morlAr 


... lOOIbs 


per cubic ft 


in cement 


. 112 




Masonry, rubble 


.. 140 




,, ashlar, limestone 


.. 150 
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TABLE III. 
From BanJcine*8 Applied Mechanics, p. 211 . 



Dry masonry and brickwork 
Masonry and brickwork, with damp 

mortar 
Timber on stone 
Iron on stone 
Timber on timber ... ... • ... 

Timber on metals ... 

Metals on metals 

Masonry on dry clay 

Masonry on moist clay 

Earth on earth 

Earth on earth, dry sand, clay, and 

mixed earth 



/ 
0-6 to 07 

074 
abont 0*4 
07 to 0-3 
0-5 to 0-2 
0-6 to 0-2 
0-25 to 0-15 

0-61 

0-33 
0-25 to 10 



0-38 to 075 

10 

0-31 

0-81 to 111 



81° to 35° 

36°| 

22° 

35°tol6°| 

261 to 11° J 

81° to 11°^ 

14° to 8°| 

27° 

18°} 
14° to 45° 



21° to 37° 

45° 

17° 
39° to 48° 



Earth on earth, damp clay ... 
Earth on eai*tb, wet clay ... 
Earth on earth, shingle and gravel . 

' The first step towards calcnlating the dimensions of a wall necessary 
to retain a bank of earth of known weight, and known angle of repose, 
is to determine : 

1st. The amount of the resultant pressure of the earth upon the wall. 

2nd. The direction of that resultant. 

3rd. Its point of application. 

The theory of the pressure of earth stated in this paper is that of 
Professor Rankine (B.A.M., p. 212, ; E.O.JB?. p. 318). 

It is to be understood that the effect of the adhesion of the particles 
of earth to one another, is left out of consideration in this theory, and 
the stability of the earth is taken as depending on friction alone. 

On th£ Stabilitt of Easth. 

In order that a body of any material may rest on a plane of any (the 
same or other) material by friction alone, the single condition is that 
the angle between the pressure on the plane and the normal to the 
plane shall not exceed the angle of repose of those materials. 

In the case of a mass of loose earth, each particle, W, on the surface 

Fig. 2. 
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f ''Vg. 2) must fnltil tbia condition, and oonaeqaently tlie snrfare of the 
back, when the inclinstion of each point in the sariiioc ia nt tlio 
maximam consistent with stability is a plane D B with the uniform 
iadiuatiou ifi, wboro ^ is the angle of repose of Ibo rarth. 

Tbifl condition, which deteiiuinea the stability of a fn"e snrfHce of 
earth with respect to friction, is also the condition of Htubillty with 
respect to any plane in the mass. 

A particle ia stable on a free enrfacB, if the direction of its wei^rht 
makes on angle less than the angle of repose with the normal to tho 
surface; the mass of earth will be* stable, if the direction of the 
pressure between the portions into which it can be divided by any 
plane ia the mass, makua an angle less than the angle ot repose with 
the normal to the plane. 

Let Fi'j. 3 represent a vertical section through a mBRS of earth in the 
direction of the greatest slope, and let A B be a plane in any direction 
at right angles to the first plane. 



Fig. 3. 




M 



The section is taken in the direction of the greatest slope, because it 
IB in that direction that there is the greatest obliqnity between the 
vertical and the normal to the plane, and it ia therefore the direction 
in which notion would first ensue. 

Then the mass will be ataWe in regard to eliding down this plane, if 
the direction of the resultant pressui-e R (from whatcTer cause arising) 
upon the plane makes an angle NOB with and above the normal N 
less than the angle of repose, and it will be stable against sliding up 
the plane, if the resultant Rj makes with and below the normal N 
an angle Rj N less than the angle of repose. 

And in order that tlie mass may bo stable, this condition mnet be 
fulfilled for any position of the piano A B, 

In a mass of earth loaded only with its own weight, this condition 
can only be fulfilled for any plane inclined at an angle greater than the 
angle of repose, by tho existence of some other force which, combined 
with the weight resting on the plane, gives a resultant in the direction 
necessary for stability. 

Let A B (Fiij. i) be any plnnc inclined at a greater angle than the 
angle of repose. Then the dii-cction of tho weight makes with the 
normal O N, an angle W O N, which by the conditions is greater than 
the angle of repose, and if this were the only force acting on the plane, 
motion uiuai ensue aloiig A B, in the direction A B. If motion does 
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Fig, 4. 




not take place, i.e., if the eai*th is stable, there mnst be some force P 
existing, which, combined with W, gives a resultant B, making ftn 
angle RON not greater than the angle of repose* 

If it be supposed that P is so large, that the resultant B^ makes an 
angle R^ O N greater than the angle of repose, motion will ensue along 
the piano in the direction B A, so that for stability on this plane, P 
must be large enough to give a resultant R, which shall make the angle 
RON not greater •than <^, and yet it must not be so large as to give a 
resultant B^ which shall make the angle B^ O N greater than ^. 

In a mass of earth • loaded with its own weight only, this force P is 
supplied by the tendency of the earth to spread laterally, which is 
produced by the vertical pressure due to the weight of the earth itself^ 
and if its direction be given, it must, on the late Canon Moseley's 
Principle of least Besistance, have the least value necessary to the 
stability of the mass. 

Professor Bankine shews (JB.-4.1f., p. 127) ; 

Theorem. I. That in an indefinite homogeneous solid bounded above 
by a sloping plane, the pressure on any plane parallel to that sloping 
X^ane is vertical and of an uniform intensity equal to the weight of the 
vertical prism which stands on unity of area of the given plane. 

Theorem. II. The stress, if any, on any vertical plane is parallel to 
the sloping surface. 

Theorem III. The stat« of stress at a given uniform depth beloW 
the sloping surface is uniform. 

From Theorem II. the direction of P is known, and the least value 
of it necessary to maintain equilibrium obtained. 

Let Fig, 6 represent a vertical section of a mass of earth in the 
direction of the greatest slope, and let A B, C D be two vertical planes 
intersecting the mass ; let B E be another plane perpendicular to th« 

Fig. 6. 




TBB PBESSORE OF EASHB. 

Grat plane, down trbich the prism of eartli ABEC tends to t,\id». 
Draw E F parallel to A C. 

Then from TheoremB IT. and III. the pressnre on A F and C B 
balance each other, and the cqailibrium of the prism ABEC ia main- 
tained by these pressures, by the reaction r of FB, which is paralk'l 
to A C, and the reaction r, of B E, which is inclined to the nonual to 
B E at the angle * (Fig. 6). 




Then on the Principle of leas t'^tesi stance, the value of r must be tlie 
least neccssury to maintain cquilibriom in every possible position of 
the piano B E. 

Professor Rankino hns shewn (E.A.M., p. 214^ 210) that the inten- 
sity of the pressure on a vertical plane, such as A B, is 
0- yS^ 



«>hc' 






(1) 



cos 6 + ys 

where 7i is the depth of the plane B D below the surface A C (f ty. 5), 
ut ia the weight of earth per unit of volume, ^ is the angle of repose 
of the earth, and 6 is the inclination of the surface to the horieon, 
which cannot exceed 0. 

Tlio intensity id the pressure incrrfl^oii with h from Ihe surface 
downwards, and the whole pressure on A B may be represented graphic- 
ally by a triangle (Fig. 7) in which D H = intensity of pressure at the 
depth B, and A B = A ; whence the centre of pressure is at C, B C 
, . AB. 



Fig. 7. 




is shewn IS.AM.. p. 217) ir _ 

■p*ooBfl(l-sin^ 

, Ijalsndng one another, do not Biftct (Le ilaliUitr of rciaining walls, mil are then 



left out of coiuidcrotiaa 
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For -a bank with a horizootal top 0^=0, and 

, 1 — sin 6 
p ^z w h ^ 



(3) 
(4) 



1 + sin <^ 
p __wli^ 1 — sin ^ 

~" 2~ l^sin"^ 

For a bank with an apper surface sloping at the angle of repose, 
which is the greatest slope possible. 

p =z wh cos <l> (6) 

P=!f^C08^ (6) 

In most cases in practice, there is either no surcharge, or the sur- 
charge rises a certain height, and then finishes in a horizootal top as in 
Fnj. 8. 

Fig. 8. 




The latter case does not admit of an exact solution (PhilosophiccU 
Transactions, 1856-57, StabUily of Loose Earth, by Professor Rankine), 
and the approximate solution is far too difficult for ordinary use. 

The direction and value of P in this case evidently lie between the 
two extreme cases of a bank without surcharge, and a bank with a sur- 
charge indefinitely long, and the Engineer must in the absence of any 
better method use his judgment in interpolatiog. 

A case is given in Example II. 

When a horizontal bank is loaded with an external load, such as a 
building, the effect is to increa<»e the value of P on the vertical plane 
at the end of the building, beyond what is due to the weight of the 
earth itself, and the effect is that in the adjoining prism of earth the 
weight of the prism combined with this greater value of P, may pro- 
duce a resultant B^ (-F^* d)> inclined to the plane C D at any angle 




rm fncssuRi or uo^osu i 



If on any plane it ia inclined more than i^ above tte normal, sliding 
Qp the plane takea place, the earth under the building spreads, and 
aeltlement ensnes. 

As this sliding will bike place on that plane where the force required 
to produce it is IcBst, the noiglit of the building must not exceed that 
which will incline the pressure on C D bejoad the angle necessary to 
stability. 

Ppofeaaor Rankine shews that the weight of a building, the pressure 
of which ia uniformly diatributed over its base, must not exceed the 
weight of the earth which it displaces iu a greater proportion than 
(l+8in*)3tofl-Bin^)'. 

He further shews that if iho pressure of a building is not uniformly 
distributed over its base, as may sonaetimea be tbo case with retaining 
walls, the intensity of the pressure on the aide where the pressure is 

greatest must not exceed 10 x Is — ^1 1 and its least intensity 

mnsl not fall short of to a, z being the depth of the foundation below 
the surface of the earth (I'iff. 9). 

In retaining walls, the eonsideratlon of thia cnae may be rendered 
nniieces'sary by widening the foundations of the wall on the outside. 

The effect of buildings on the pressure of the earth below them ia to 
e the value of P (Fig. 10). 



Fuj. 10. 




The intensity of the vertical pressure at D (Ihy. 10) is the weight of 
the building per unit of surface, and callmg this w^, the intensity of the 



intensity of horizontal pressure acts at every depth V-iow 
in the vertical plane D G, its total amount being 



X being the depth E D from the surface to the bottom of the foundation. 



BTABILITT OF RSTAININQ WALLS. 207 

In addition to this, there is the horizontal pressure due to the weight of 

the earth itself, which on the plane D C= — ^—^ — ^ _-^ .-- » so tbat 

2 l + ^m<^ 

on the plane E C, the total pressure is made up of two components ; 

the fii'St, that due to the weight of the building and equal to 

^ ^ ^ 1+sin <^ 

which has its centre of pressure at F, where F C = J D C ; the second 

that dae to the earth itself = — L^ -^ ;= -— ! \. acting at G, where 

2 l-»-sin</^ ° 

G C = J D C. 

lu the case where the front of the building is at A, this gives the 
pressure on the plane A B, from which the stability of the wall may bo 
determined ; but where the front of the bailding is at a distance behind 
A, the pre.ssiire on the plane A B has not been determined, although it 
is certain that the further the building is from the wall, the less the 
pressure caused by the building must be. 

An investigation of this case on Moseley's theory of the pressure 
of earth i^ given in Weisbach's Vrinciples of Aiachinery and Eiujincttiugy 
Vol. II., p. 6. 

Stability of Retainino Walls. 

The sections of retaining walls used in practice are of various kinds, 
the forms of which are given in Plate I 

No. I is a simple rectangular mass of brickwork or masonry, and is 
culled a rectangular retaining wall. 

No. 2 is a sloping retaining wall. 

No. 3 is a counter-sloping retaining wall. 

No. 4 is a leaning retaining wall. 

No. 5 is n moditication of Nos. 2 and 3. 

Nos. 6 and 7 are retaining walls having a curved batter on the face. 

Nos. 8, 9 and 10 are coun!er-f )rted retaining walls. 

No. 11 is a retaining wall with relieving arches, commonly called a 
" Rcvetement en Decharge.'* 

No. 12 is a retaining wall consisting of buttressed horizontal arches. 

In inquiring into the stability of any retaining wall, it is necessary 
to see that the conditions of stability required in an ordinary wall are 
f ulGlled. These have been already stated (p. 236), and are as follows : 

Ist. The line of resistance must intersect every bed joint. 

2nd. The angle which the resultant pressure at any bed joint makes 
with a normal to that joint must not be greater than the angle of which 
f ths* of the co-efficient of friction of the matenal is the tangent. 

3rd. The point of intersection must fall sufficiently far within ihQ 
outer edge to prevent any risk of crushing at that edge. 

And it is advisable in every case to inquire both into the stability of 
the wall itself, as regards the most dangerous bed joint in the masonry, 

* Tills ii or coarse an arbitrary' quautit^-, which should bs smaller if possible. 



S68 nESiaa or kisijiisiiiis wall^ 

and into the stability of the wall ■* regnrds the ennh on which it^ 

Indesigniogawall for any particular case, the aimplesi method is, Int, 
to determine what form of section the wall is to liuve, and 2nd, ussnmiog 
certain dimonsiona, to itiqairu wbclher the; fullil the couditious til 
dtalrilitjr. 

In doing tbid for anj bed joint, any earth resting; on the wall abovea 
tbi\tbai] joint is consldemd as furmiag pari of the nail {U.A 
250; SCE.,p.V)2). 



h 



r^. 11. 




~Ji 




ThoH in ft wall of the form shown in Fig. II, the prism of earth 
B A C is Togardod as forming a part of the wall, am! its wfigbt as 
adding to the stability of the wull above thn bed Joint D C, while the 
prJRin of earth B F E ia rcunrded as forming a part ot the wall above 
thn base G E, and its weight as adding to the stability ol the whole 
wall. 

This weight, acting through its centre of gravity, is then compounded 
wi:h the pressure on the vertical plane A C, if tbe lie^l joint C D is 
niider ex iraination, and with the jjrcssuro on the vertical plane K F, if 
the whole wall is under consideration, the resnlt in t drttTiiiiniiig whether 
llm wnll is safiicientty stable, as shown in the Examples, 

In tbc case where tbe back of the wall res s on (he raith as in 
No. i or No. 7, Plato I. the part of the masonry cut .iff by the v.'riical 
]ihine ia to be regarded as adding to the stability of tlie widl only to 
tiio esteiit of the diflerence between its weight mid that ol an equal 
I-rism of earth. (li.A.M., p. 250; B.C.E, p. 40-2). 

It follows in this case that if tbe earth and the material of the wall 
bo of the same specific gravity, the part of the wnll U'hinii the vcrlieal 
|.lir.eis H-elesK, anil this form of wnll is not a g..o.! .,iie. 

It aUo follows that the wider the b.ise of a wmII cm;i he made with a 
{,'iven (]uatitilv of material, the greater will bo the (]iinnti(y of eaith 
a-iding to Ihe'slnbiliiy of wall, ami tho gna'cr that stability. 

This jioiiits to the advisability of reiiueing the thickness of these 
walls at iLe top to tbe minimum consistent with souml conslMic;ion. 

As regjirds giving the face a batter, straight or curveil, it is trein rally 
;i:?roed among Engineer.^ that the battel should not i-xced J uf the 
height, a greiiter iiicl nalioti Whia fuuiid 1" afford too great a faeililv 
rorthceiitiaiiceafixaUr into the joints: aii>! i>- the low^si p irl of tho 
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wall is that mort liable to injary from this cause, it is evident that to 
b3 consistent, the face of a carved batter wall should be a tangent at 
the foot to a line having an inclination not greater than 4 of the 
height (Fig. 12). 

Fig, 12. 




A^ regards the advantage, in point of stability, of either straight or 
curved Imtter in comparison with a vertical face, it may be said, that 
in some cases the wall with a batter is somewhat more stable as 
regards overturning, and in others it is not quite so stable, but in 
every case it is more stable against sliding forward either on any of^the 
bed joints or on its base, /.e., if the joints are at right angles to the 
face of the wall, which is the usual construction. {Plates II. and III.) 

A batter has the advantage in point of apparent stability, for if the 
wall is originally vertical, and rotates ever so little, it offends the eye, 
and gives the idea of instability, whereas if the wall has a bailer 
originally, the alteration in inclination is not perceived. 

Curved batter walls are more difficult, and expensive to construct, 
and unless a good deal of material is cut to waste (involving expendi- 
ture in labour), the joints must bo thicker at the back than at the 
front of the wall, leading to unequal settlement. 

They are, however, a good deal used, and generally the chord of the 
curve lias an inclination of -^ the height. 

It is therefore recommended to give all walls some slight batter 
where the circumstances admit of it, preferring the straight to the 
curved, and in cases where the fining down of the quantity of material 
is a matter of great importance, it is better to prepare alternative 
designs. 

Wing walls of bridges carrying railways over roads which have to 
sustain the pressure of the railway embankment, are frequently made 
curved on plan, by which some extra resistance is obtained against the 
pressure of the earth. 

As regards walls with counterforts, it is shown by Professor Rankine 
that in the cases of a vertical rectangular wall with and without 
rectangular counterforts, a small saving of masonry is effected by the 
use of counterforts. 

The form oi counterfort which appears likely to bo strongest is that 
shewn in No. 10, Plate I., because the resistance to fracture at the 
countei*fort either at A B or B C, increases with the pressure from the 
top of the wall to the bottom, because the base of the counterfort in 



nmde na la'ge as possible with u given uimiitity uf ma'prial, nnd tlipre- 
forehoa (ai campnred with the wall witboat coaaterfortij} au. iiioKast:d 
qoantitp of earth teading to the stabilitj af the wall, 
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The rule gn'^" by Professor Hankine in CiW Eiii/i'in'eriKj, p. 413, 
euaUes the Engineer to calcalMt« the at.ibilily of tiiia class of retaiiiiuy 
M-aUs, the mcUiod of proceeding being the same aa in the case of 
ordioary walls, i.e., determiue first the pressure, and then asBuraing a 
fjym of wall, aacerUiin whether it fulfils the condition of stability. 

Fig. 13, 



r 





This IB stated as follows : 

A row of tirchea having their aies and the faces of their piers at 

ri<;ht nn-IPM to tl.o fitt-e of a bank of earth are c-iilled " ivlievlng 
arubts." There may bi; citlier one or several titTS uf Ihoin, and their 
front ends may be closed by a vertical wall, which thus pres nfs the 
appeaitkuce of a relAining wall, a!tbongh the length of the archways ia 
Buch as to prevent the eaith from abutting agninst it. Fi'j. 13 re- 
presents a vertical tranavcrse section of such a wall, with two tiers of 
relieving arches behind it. To computo the length of a relieving arch 
from its clear height, or its clear height from its length, the following 
approximate formula) m3.y be used, in which 

■J- denotes the depth of the crown of an arch below the Kurface, 

li, its clear height, 

I, its length, and 

<l>, the angle of repose of the earth. 

' = """*('•+ (n--.i^j')' ™ 

'' = '■'"■'* -(r+W' <■■' 

To determine the conditions of st-ihilitv of snch a structure as a whole, 
the p.essure against the vertical plane D (l'''g- 13) may he determiuod, 
and compounded with the wi-ightoE the combined ma.ss of masonry and 
tar.h O A E D in front of that plane, to find the resultant pressure on 
the base. 
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In soft gronnd the bases of the piers of th? lowest tier of relieving 
arches should be connected by means of inverted arches, so as to 
distribate the pressure over the whole area covered by the structure. 

Buttressed Horizontal Arches. 

I^rofessor Eankine gives the following rules for these arches, 
Fig, 14 represents a plan, or horizontal section, of part of a row of 
buttresses, connected by horizontally arched walls. 

Fig. 14. 




» 
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To find the thickness, T = D E, required for such buttresses, 
let B denote AB, the breadth of the mass of earth which one buttresft 
has to sustain ; 
&, the breadth of the buttress ; 

^, the thickness which would be required for au uniform wall, to 
sustain the same bank of earth, computed aa in p. 268 ; 
Then 

In soft ground the bases of the buttresses may be connected by 
means of inverted urches, to distribut'O the pressure ; and their tops 
may if necessary, be connected by means of arches, in order to support 
a platform, or a surcharged bank of eaiiih. 

Forms of Walls for particular Cases. 

Where a wall has only the pressure of a bank of earth, or the 
pressure of a bank with a building on it, to sustain, there is no reason 
why it should be made any thicker at the top, than is necessary for an 
efficient coping. 

Where it is liable to shocks of any kind, as where a road runs 
behind the wall on the bank, or as in the walls of basins, or locks, the 
thickness at the top shoidd be considerable, and the wall itself 
strengthened. 

The latter may be effected by multiplying the value of the pressure 
by some empirical factor, say 1*5 to 2, and designing the wall for this 
increased pressure. 



CONETRUCTIOS Of EETAISINO WALLS. 

In walla for works of defence, counterforts were formerfy nsod I'j 
incrcaso tko diiGcalty of breaching, but with tlie artillery uf the pre'<L'nt 
day, it does not seera possible to delay tho attack for any time worth 
considering by making ouarmoured escarp walla thicker than is 
necessary for their parpose &s simple retaining' walls. 

K counterforts are used, thoir efficiency will entirely depend on the 
care nitli which they aro bonded into the face portion, or mo^k of the 
wall. 

COKSTKUCTION OF RSTAISISO WiLLS. 

rf ho angle of repose of the earth should be ascertained by esperiment 
if it cannot be arrircd at by obacrration, the earth being in that stnte 
in which, by proper drainage, it can be ensured to remain. 

The weight of the earth should bo aecerlained in a similar manner. 

In most cases theni should be nnmerous wcephales leA, or pipc» 
inserted in the wall, to prevent any occumnlation of water in ihe enrth 
behind. Professor Rankine (R.C.E., p, 410) gives the proportion ■ f 
1 weephola to every 4 square yards of face of wall. Those weep- 
holes should be pointed and lined with cein«tnt. If pipes are nsui) 
they should be pointed in cement. Along the front nf the retain- 
ing wall there should lje a surtnce drain to carry off the water from 
the weepholes, which otherwise might sink into the ground below the 
wall, and render it less stable. 

It is well also to pack up beUiod tho wall a layer of loo.se sbone or 
gravel, to facilitate the passage of the water to the weepholes. 

The back of retuning walls should be left rough, and if built in steps 
the steps should bu as numerous as practiciible. The number of Hiepa 
oroffM-ts will in brickwork be y.n-ei-noil l.ytho slope of tlie back of tho 
wnll, each offset being half a bn'ck, or 4J inches in width. 

The earth behind the wall should be put in thin layers, inclined 
slightly npwards from tho wall, and rammed, not too heavily. Some 
Engineers prefer to ram the layers well, stopping the ramming within 
a short distance of the back of tho wall. The earth backing should in 
no case be tipped in. If tho backing be of clay, care should be taken 
that it is not too dry, as it will swell on becoming moist, and produce 
nnneoessary pressure on the wall. 

If the earth retained be of such a nature, that with eiceas of water 
it becomes mnd, and if it is impossible by drainage to prevent excess 
of water, it is best to calculate the wall for a fluid having the weight 
of the mud. 

Hoop iron is worse than nseless in retaining or any walls, unless it 
is protected from osytlntion by the use of very strong mortar or 
ccmoul. Wet causes the iron to rust and expand, withaf irccsufiieieut 
([> open tho joints of the work. Where piMpcrlj protocled, hoop Iron 
is most valuable as a bond. 

The pressure on foundations in firm eiirth should not (E.C.E., p, 3S1) 
eiceod from 2..50O to 3,500 lbs. per si[uai» foot, and it is a common 
rule to limit it to 1 toil on the square foot, which however appear* a 
low limit. 
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The maintenance of a thoroughlj good bond is of the greatest 
importance in retaining walls. 

EXAMPLE I. 

It is required to design a retaining wall of brickwork in mortar, the 
bricks having an average resistance to crashing, to sustain a bank of 
earth with a horizontal top. 

The data are as follows : 

Weight of brickwork, 100 lbs. per cubic foot (Table 11., p. 260). 

Ultimate resistance of brickwork to crushing, 600 lbs. per square 
inch (U.B.T., p. 197). 

Factor of safety not less than 8 {U.E.T,, p. 205). 

Co-efficient of friction of brickwork (the mortar being moderately 
fresh) -7, (Table III., p. 261). 

Weight of earth, 110 lbs. per cubic foot (Table I., p. 260). 

Angle of repose of the earth behind the wall = 37° (Table I. p. 260). 

Angle of repose of the earth on which the wall stands=25° (Table 
I., p. 2G0). 

Pressure on the earth below the wall, not to exceed 1^ tons per 
square foot (R.C.E,, p. 381), the soil being sandy gravel. 

Factor of safety, against sliding, not less than 1*2. both as regards 
the joints of the masonry, and the wall on its base. 

Height of wall, 18 feet above footings. 

There is supposed to bo no reason why the wall should not be as thin 
at the top as good construction allows, i.e., having sufficient width for 
a solid coping ; and the top may be taken as 2 bricks thick. 

The face batter may be takbn at yV = ^^ inches. 

Assume for trial, a thickness at the top of the footings of 6 feet, 
which will allow of the back of the wall being built with off-sets of 4 J 
inches at every 18 inches in height, i.e., at every six ccurses of brickwork. 

Then as the moment of pressure on the vertical plane A B (^Plate II., 
Fig. 1) increases as the cube of the heip^ht, while the moment of 
stability increases very little faster than the square of the height, the 
wall mast be more likely to overturn at the joint at the top of the 
footings than at any other, and it is sufficient to enquire into the 
stability in this respect at this joint. 

Moreover, as the pressure tending to produce sliding increases as the 
square of the height, while the weight resisting it increases very little 
faster than the height, this same joint must be that on which the 
tendency to slide is greatc'st. 

Then considering this bed joint A C for a unit of the wall 1 foot in 
length. 

The weight of the wall above the bed joint ... = 6,750 lbs. 
ly „ earth resting on the wall, i.e., in 

front of the plane A B ... = 3,025 lbs. 

Total weight on A C =9,775 lbs =W 

The centre of gpravity of the mass is found to bo at G. 

The pressure on the vortical plane A B = ^ , * Z_?lB-^=: 4,594 lbs. 

. A B 2 1 + sin «^ ' 

which acts at D, A D being -^^ — 



Tliroiisli ■IiwmIHSHIBHJHIHb*'"*'^'''*'''^! intersecting 
in 0. On any K9aSw|5S^lw^3Sw = 9,775 lbs., and O 2.= 
P = 4,591 Iba. Coinplrte th*- pftTslJelogTam ; then O e represents the 
nsnltant pressure on A C, and E is the centre of presaare, 

BeBolye O e nonnal to stad parallel to A C, tien ed = 10,100 Ibe. is 
the norma) preaeore on A C On the priociplee explained at p. 233, 
this pressure is spread over a surfa<?e equal to three times C E multi- 
plied by the lea;? i b of the section of the wall nnder consideration, wliich 
is one foot, and the maxiDiiim preaaore at C is eqnai to twioe the mciui 
preefloie. 
Hence the preasnre per square inch at C =^ ^^r^ — fs* ^ ^^ '^"■ 

This gives a factor of safetT of 10, and somewhat more than fnlfilB 
the re(|nirod ctimlitiou of stability ; if it had not fulfilled the condition 
it would have been necessary t^ assume a greater thickness at A C, 
and recalculate. 

Next, taeaaare the angle O e d; which is fonnd to be 20°, tba tangent 
of which is '3ti, so that as the co-o&icient of friction of this joint is 
given at '7, there is a (actor of safety of nearly 2. 

The wall is therefore stable as regards this joint. 

To design the footings and foundationi* {Plait n.. Fig. 2). 

Awfiume the general ontline of the footings and foundations to be as 
shewn, the onderKide of the foundation being at its outer end abont 
three feet andergronnd, so as to get below the efieots of frost {R.OiE., 
p. 3811). i 

Draw a vertical P H tbrongh the back of the foundafci m. The weJght 
of tlic wnll nnd ciii-t)! in front of tliis plu.ne is found tu If IN.-l M lbs. ; 
fi.i'l ilio o>.,lr,> of gmvify of tlic nms.s is »t K. 

The pressure on the plane FH=6,320 lbs., acting at L, at a distance 
from P = ;i F H, 

Compounding the pressure, and the weight as before, M e represents 
the resultant presaure on the base of the wall F N, and R is the centre 
of pressure. 

As N R = J N F nearly, the intensity of the pressure at F is very 
sm ill, while that at N is considerable. This would lead to a greater 
comptvssiou of the soil «t N than at F, and ihe wall would lean forward 
somewhat from its original position. 

This would be aviiided by lengthening the too of the f^iundntion. If 
RS bo made oqcial t) B F, the pressure on the soil below will bo 
unifonrr. Tho normal pressure, represented by ef= 14,000 lbs. = 6| 
trniH, iind it would bo spread over 12^ square feet ; so that the pressure 
would be only ^ t^in per square foot. 

Tho loc might, therefore, be made somewhat shorter than this. 

Fiuiilly, the nnglo M e/is 20°, the tangent of which is ■31! ; and the 
co-cllieioiit of frii'tion of the soil on which tho wall stands is '47; so 
that thi'i-e is a fuulor of safety as regards sliding forward of 1-3. 

If there wore luiy doubt us to tho condition of the earth below the 
wtill in regai-d to moistnrc, it would be better to incline the concrete 
backwnrds. 

The wall may now be designed as shewn. (Plate II. Fig. 3.) 
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EXAMPLE II. 

It is required to design a retaining wall, with the same data as in 
Example I., except that the bank of earth rises at the natural slope 
above the wall to the height of 50 feet. 

It is necessary in this case to calculate first the dimensions of the 
wall, supposing the slope to be indefinitely continued, and then to in- 
terpolate between tliat thickness and the thickness necessary for a wall 
supporting a horizontal topped bank of the same earth. 

Assume for trial a thickness at the top of footings of 9' 4V'. 
(Plate m., Fig. 1.) 

Then considering, as in last Example, the bed joint A C, for a unit of 
the wall one foot in length : 

The weight of the wall above this bed joint = 9,788 lbs. 

„ „ earth in front of AB = 8,186 „ 

« 

17,974 „ = W 
The centre of gravity of the mass is found to be at G. 

TO 

The pressure on the vertical plane A B = ^ cos <^ = 24,464 lbs. 

acts at D, A D being—-— 

Compounding these two forces, the following results are obtained. 
Normal pressore represented by c d = 34,700 lbs. 
Surface over which it is spread = 1,260 inches. 
M:iximum pressure per square inch = 55 lbs. 

Angle O cd = 25°, of which the tangent is '47, or there is a factor of 
sifety as regards sliding of 1*5. 

This wall would therefore be sfcable against the pressure o an 
indefinitely long surcharge, and therefore is too strong for the actual 
surcharge. 

As there is, however, no way of accurately determining the actual 
thrust of a surcharged bank having a horizontal top, it becomes neces- 
sary to interpolate approximately. 

As the wall 6 feet thick at the bottom is stable against a bank 
without a surcharge, and has a pressure of 5'J lbs. per square inch on 
the most compressed edge, and as the wall 9' 4^'' thick at the bottom is 
stable against an indefinitely long bank sloping at the angle of repose, 
and has a pre sure of 55 lbs. on the most compressed edge, the proper 
thickness must be between the two, and the object of the Engineer 
being safety first and economy afterwards, it would probably not be 
wise with so high a bank as 50 feet to reduce the thickness very much. 

Let the wall be reduced to 8' 8" at the bottom, and be drawn in a 
similar manner to Plate II., Fig. 3. 

Supposing that the surcharge had been only ten feet high, the wall 
would be more nearly of tho dimensions of the wall without a surcharge, 
and might be made at 6' 9** at the bottom. 

The footings and foundations should also be designed for both walls, 
and a width between the two assumed. 
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WALLS FOB RETAINING WATISB. 



TUK Plt£5SCBB Of WaIEB AT ReST. 

The pressure of water, regarded as a perfeot^tiid and incompressfble, 
wH'cb for the parposes of the Eugineer, It ma; bo takeu trithoat 
a[i irecialile error to be, ie : 

Ist. Propornonal to tbo snrface on which it presses. 

2ud, Proportional to tlic dupth of ihat surl'ace below tUo surfiice of 
til 9 watev. 

8rd. Normal to the snrface against which it presses, 

4tb. Of equal intensitj in all directions. 
^^ Thus, let AB (H'j. 1) be a plane surface, eucb as the side of a 



Fig. I. 




, pressed upon by water whicb it retains; then tbe prea- 
piire on the Burfaci; CD, BUpposed to he one nnit in width, is equal to 
(he weight of the column of water CDEF, one unit in width, the 
eciitre of pressure is at the intersection of a vertical through tbe centre 
iif gravity of the prism CDEF with its base ; and tbe directioa 
of the pressure is normal to CD. 

For the vertical wall GH (Ff'y. 1), the vertical pressure per unit of 
GiirfHce at the depth GU is equal to the weight of a column of water 
of tbo height GH, having a base of one unit of surface ; and as water 
]iiesBcs equally in all directions, tbe intensity of the pressure normal to 
CHI at tbe depth GH is given by the weight of the same column. 

Expressing this symbolically, the inlensitv cf the pressure, on either 
the sloping or the vertical wall, at a depth x below the surfnce = w x, 
wlirre w is the weight of water per solid unit and x the depth in linear 

In deitling with wati'r pre!:surc, it is usual in this country to take 
the units of measure in fei>t, ami the units of weight in lbs., tbe weight 
of Hater per cubic foot being takeu at 625 lbs. 



THE PRESSURE OF WATER AT REST. 
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The graphic representation of the pressure in the two cas^s is as 
shewn in Figs, 2 and 3, the base BC of the right angled triangle 



F:g. 2. 



Fig. 3. 




^^^^^^^5^^5a$5!!^V\W^^' 




»w^^ 



'^^^.^^v^^^^^j^^v^ 



ABC representing in each case, on any scale of parts, the depth of 
the water in feet, multiplied by the weight of water per cubic foot ; the 
area of the triangle representing the whole pressure on the face ,AB ; 
and the centre of pressure being at D ; where BD = ^ BA. 

It is sometimes couyeuient to treat the yerlical and horizontal 
components of the pressure separately, as in Fig. 4, the vertical 



Fig, 4. 




^^^ 



v^^^^ 



component being the weight of the prism of water AEB, acting 
throagh its centre of gravity at D ; the horizontal component being 
the pressure on the vertical plane EB, acting at D, where BD = 
J BA. 

Where the water presses on a polygonal face, as is sometimes the 
case in large reservoir dams, the pressure on any part such as CD 
(Fiff. 5), may be represented by a trapezium, CEFD, where CE = wx, 
FD = wx^. 

Fig, 5. 




In this case the centre of pressure H is found by drawing HG 
normal to CD through the centre of gravity G of the trapezium. 

In designing reservoir dams, it is sometimes convenient to treat the 
vertical and horizontal components of the pressure, on such faces as 
CD, separately. (Fig, 6.) 

In this case, the vertical component is the weight of the prism of 



oosDmom 07 suBittrr of a bebektoir wale. 



water CEPD {Fig. 6), lying Tertioally above CD, the centre of 
preasore H being the intersection of the vertical Ihroagh G tbo centre 
of gravity of the prism nitb its base CO ; the horizontal uoupouent 



I 




1 vorticfU plane CE, and 



being the diSoronco of tho ])rc.vaiM'c 
DF, acting at U. 

Where the enrface on wliich the water presses is curved, the p 
Biire may bo foond by replacing the curve by a polygon having a large 
number of sides, dealing with each side of the polygon, as in the 1< 
case. 

CoKCiTiosa OF Stabilitt of a RESEBvom Wall ob Dam. 

The conditions of stability which gnided the French Engineers in 
tho design of the grest reservoir walls on some of the head waters of 
the Loire (as described in the Memoires by MesBienrs Graeff and 
Selocfre, Numben 134 and ISS, Annalea dee Fonts et Chanssdes, 
Tome XII,, 1866) were ; that the intensity of tho Tertical pressttre on 
the inner (or \yater) face of the section of tho wall, the K-servoir being 
empty, anJ on the outer fact.' of the si^ctioii, tho reservoir being full, 
sliould not exceed a certain limit, i.e., the pressure per unit of surface 
at A {Fig. 7), reservoir empty, and the pressure per unit of sorfece at 
Fig. 7. 




B, reservoir full, should not exceed a certain assumed limit, AB being 
nny horizontal section. 

hi tlic Earnitro du FiirenB, which was commenced in 18lil, and 
conipli'tcd in If^Otl. nod wliicli hud a height of .TO metres, this limit was 
tiikcn at si\ kilogniinmes ]ier centimetre qunrre, equivalent to 
i-l.-2K0 lbs. on the square foot, whilo in the later design for the 
Ban-age du Ban, which had a height of 42 metres, the limit was, owing 
to tlie complete success of the Harrage du Furens, raised to 8 kilo- 
grammes per centimetre quarre, equivalent to 10,385 lbs, on the square 
foot. 
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Monsieur Graeff, in his Memoire (No. 134), quoted above, gives the 
section of several stone dams, and in one of these, that of Almanza in 
Spain, the intensity of the pressure, when the reservoir is full, reaches 
14 kilogrammes per centimetre quarre, equivalent to 28,674 lbs. on the 
square foot, the height of the dam being 20*7 metres. 

Monsieur Graeff regards 6 kilogrammes and 14 kilogrammes as the 
extremes of pressures, the latter being, in his opinion, extremely bold. 

Considering the very disastrous consequences of a reservoir wall 
giving way, an Engineer is not justified in adopting a high limit of 
pressure, even though a large saving in the quantity of masonry is 
certain to be effected by so doing. 

The conditions just given were the sole conditions which guided the 
French Engineers. 

In a report on the design and construction of Masonry Dams, 
published in the Engineer^ tJan. 5, 1872, Professor Bankine proposes 
another condition, viz., "that there ought to be no practically ap- 
preciable tension at any point of the masonry, whether at the outer 
face when the reservoir is empty, or at the inner face when the reser- 
voir is full. Experience has shown that in structures of brickwork and 
masonry that are exposed to the overturning action of forces, which 
fluctuate in amount and direction (as when a factory chimney is ex- 
posed to the pressure of the wind), the tendency to give way first 
shews itself at that point at which the tension is greatest. In order 
that this principle may be fulfilled, the line of resistance should not 
deviate from the middle of the thickness of the wall to an extent 
materially exceeding one-sixth of the thickness. In other words, the 
lines of resistance, when the reservoir is empty and full respectively, 
should both be within, or but a small distance beyond, the middle third 
of the thickness of the wall." 

This condition must be of primary importance on the inner face of 
reservoir dams, where any penetration of water would decrease by its 
upward pressure the stability of the dam. 

It determined the extreme positions of the centre of pressure, given 
at p. 229, Rankine^a Applied Mechanics, and at p. 234. 

It may be here said that this condition is more than fulfilled both in 
the Barrage du Furens and the Barrage du Ban, but it is not even 
approximately fulfilled in that of Almanza, when the reservoir is full ; 
nor is it nearly fulfilled in a section designed for the Furens, with a 
limit of pressure of 14 kilogrammes per centimetre quarre. 

Professor Bankine also considers that the limit of the vertical pres- 
sure should decrease in some proportion as the latter increases. 

The inside or water face in reservoir walls of moderate height is 
vertical, an internal batter being given only when the weight of the 
dam becomes such as to make an increased width of base necessary, in 
order to reduce the intensity of the pressure on the inner fia*ce ; which 
is the case only in dams of great height. 

But the batter of the outer ^e in dams of moderate height, 
and of the lower part of the inner face in dams of great height, is 



muuKt or lyxatnoxf. 

mtuudenUe, knd gndnallj ia i.j hmm ; uid the cusm of thr intensity 
of the pmaaars, btiwentU tu tbp be*, utiy tbe iatouitT of Um corticKl 
prrMora oD)dit. m PrafuBor Rankine'* opiniMi. lo be net by ndaeute 



in what propnTtioo tin pnaent •tat«or )cDwwI«<]gc ai to tbe dvtribtttiOB 
ol HwM IB » aoliil haij b nol aBficienttr pnecise to detnmiiii?. 

Boutag ta BtBd boimer, tbat tbe first oKj^«{ of the Esgineer is 
Mfetj, it M M^f M Bz nA & diminntioD, aa will soffieieRtlT satisfj 
ibja wtdilinMLl coodiiiou. 

Tbe tnteiuBtf of the presmre (uigential ta tbe f«oe, most rxrtainij 
be loa than (he inlnuity of the veriic&l prcssore ranltiplied hx the 
•tcanl of tiM! SBf^e uf th« hatler. and iDTcrscly ihe limit uf prvMore 
caoDol btf reqnired to he redac«<I so mncli us by maltiplying ii by tbe 
n^iae of tbe an^le of tbe batter. Tn the ecamples which foUuir, tbe 
limit of preMore haa been (aken at a mean between tbe Tvrtiral 
praaaare and that prtenrc multipliad by tbe cosine of tbe angle of the 

bailer, i.*., limit of prwsore = 20,000 Ihe. x "-^l-^^?^. where tf is tbe 

angle of the batter with the t-ertical. 

It i> (n be obserred that it is the safe reaiatanee of the mortar to 
cmBhing, which in every caae determines Ihe limit of pressure. 

An Eoft'iaeer in nut justified in naag wealc stone or briclc for a 
re«erroir dam, and anch stone or briclc aa is fit for the purpose always 
aSorda greater resistance to cmabiog than tbe mortar with which Um 
work is pat together. 

The limit i,n,j«>s..d by Pr'.fes^^or Roiikine, viz, -20.000 lbs. per sqnare 
foot, vertical prcssare, is therefore mailable for all cases where strong 
stone and gor>d hydraulic mortar is nsed. Without good hydraulic 
moriar, the construction of a mnsonry dam shonid not be uadertakeD, 
neither should it be undcrtakcD without such superintendence aa will 
cnnure the careful execution of the work or without rock founda- 

Summary of Conditions. 
The Bummary of conditions is as fullowe : 

Condition A. The centre of pressnre, when the reservoir is fall, 
louxt fall witbiu tbe centre third of the thickness of the wall, at every 

Condition B. The centre of pressure, when thi reservoir is empty, 
must fall within the centre third of the thickne.ss of the wall at every 
level. In the upper parts of diims with a road at the top it falls 
well within the centre third, for some distance from the top. 

CoTiilition C. Tiie intcusity of the vertical pressure at tbe oulerface, 
reservoir full, must not exceed the limit laid duwn, which may be 

taken at 20,000 lbs. x ^ "*" ?°^- ^ per square foot. 
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Forms of Reservoir Walls. 

The actual section adopted in any particular case depends to some 
extent npon the thickness which it may be necessary to give^to the 
top. 

Where the circnmstonces are such as to allow of a feather edge at the 
top, and the water is on a level with the top, a triangular section may 
be adopted for any height not requiring increased width of base to 
distribute the pressure, and this section " may be said (jB.il.3f., p. 247) 
to be of uniform stability. *^ 

Further, it can be shewn that in snch a dam, where the specific 
gravity of the material is twice, or more than twice the specific gravity 
of water, a vertical inner face is best, a batter on the inner^face being 
advantageous, only when the specific gravity of the material is less 
than twice that of water. 

The following are the batters proper for materials of different 
specific gravities, that of water being taken as 1. 

Water, Masonry. Batter. 

J^ ••• ••• A %J • • • • • I ^ " 

5 
1 1 'ft 

1 2*0 rt 

Where the weight of the"masonry is more than twice that of water, 
the inner face would, considering economy only, have a overhanging 
batter, but a overhanging batter with a triangular section renders the 
fulfillment of condition B (p. 280), impossible, even if it were otherwise 
advantageous. 

The case where it is possible to have a feather edge at top seldom 
occurs. 

It more generally happens that for some reason, snch, for instance, 
as to resist the shocks of waves in a large reservoir, or to afford a 
passage across the valley either for carts or foot passengers, or -* 
for the transpoi*t of materials for repairs, it is necessary to have some 
considerable thickness at the top. 

The Barrage du Furens has a thickness of 5*7 metres, and the 
Barrage du Ban of 5 metres. 

In such cases the section of the wall may be divided into four parts, 
each of which is considered in a somewhat different way. 

1st. Working downwards from the top, there is a certain depth at 
which condition A is just fulfilled, and condition B more than fulfilled, 
by maintaining the same thickness of wall as at the top. 

At any other section between the top of the dam and that depth, 
conditions A and B are more than fulfilled. 

Conditions C and D are also more than met in this part of the wall, 
the height not being in any actual case sufficient to produce the inten- 
sity of pt-cssure laid down as the limit. 



raS TCLnLHEifT OP ccMsiTioifi or STiBiLirr. 

The lines of resiataace are &s shewn in Fig. 8. 

Fig. 8. 

a b d line of resist&nce, r 



2nd. Tbere is a section of wall below the part juBt dealt with, &t the 
bottom of which conditiooH A and B are juat ful^lled, hy battering the 
oatcL' face, leaving the inner &iee vertical, coiidiLion B being more than 
fulfilled at any less depth. 

Conditions C and D are also fnlfiUed, or more than fulfilled in this 
part of the wall. 

Fig, 9 ahen'8 this part of the wall, and the lines of resistance. 



Ftg d 



1 



Srd. There is a section of wall beneath these two, wher?, in order 

just lo fulfil 1-ondit.ion B as well i i d 1 on A, it ia uocp.-isiiry to in- 

crease the thickness of the wall by hatterii f^ both the inner and onter 
faces, conditions C and D being ^o fulfilled or more than fulfilled in 
this section. 
Fig. 10 shews this part of the wall, and the lines of resistance. 

F^. 10. 




4th. At the bottom of the third section, condition C is only just 
fulfilled, and it bcciitnos necessary in this fourth section to increase 
the batter of one or both faces, so aa to spread the pressure over a larger 
surface, and bo keep its intensity within the assigned hmit. 

In this section conditions A and B are more dian complied with, 



DESIQK or X BSSSSVOIft WALL. 

Fig. 11 shews this part of tbe wall, and the lines of reaist&nce. 
Fig. 11. 




DisiaN OF A RiRiKvois Wall ob Dui. 

To deaign the first part (i^. 12), all measurements bong taken in 
feet, aQ weights in lbs. 

Fig. 12, 




X<et in = iraght of wtter pur cuDiff foot. 
y, Wi = „ „ masonry „ „ 
„ a = depth &om the top of the wall to top water level. 
„ b ^ breadth of wall at top. 

„ h ^ nsknowQ height at which condition A is jnst fulfilled. 
Then the centre of preeeare C on AB is at a distance from B = 
} A B, and dealing with a layer of the wall 1 foot in length, 
Uomentof Prrasnre, !^ = uj (&+a)6 X -^ Moment of staHlity (1) 

from which Ihe valne of A is obtained. 

lietp ^ intensity of pressure at A, reserroir empty, 
„ fi = intensity of pressure at B, reservoir fnU, 

thenj) = w, (A + a) (2) 

/.I = 2«.i (A + a) (3) 

In no Bctoal case is the height of this port sufficient to give Pi a 
▼alne bo great as the limit of pressure for good hydraulic mortar. 

In a rectangiilar wall, reservoir empty, the pressure at every section 
is wiiforml/ ustriboted, and oouditlou B is thnx more ibtai f alfiUed. 



Til ilee!^)! tlii.' *ws)7iil par*, (f'j/. i;i). 
tig. 18. 




L(.-t it \>e Jetenoined to design tliis part in lajers, m feet h 
Let W ^ weight of the portion ah^ady designed. 
„ c = distance of the vertical pasaiag tbroogh the centra 

of gravity of thia part from the inner edge. 
„ e = width of baae of part already designed. 
„ i- = width at the depth, a + h + m, below the (op. 
Then, 



c)^ 






^O-O + f^-^l 



from which Iho value of x at the depth, a + R + m, is fcnown. 

Til (ictci'roicie tin: pressure,^,, at lUe uutur fiicf, resLTVLiir full, find 
the m'ij:lil of the masonry above the depth, a + h + tn, i.e., above DE 
(b'i-j. IS). C:iH ' " "* 



Then ill 



> \V 



-', which must not exceed the limit of pressure 



proper for the aii^'to of the batter, i.e., 20,000 lbs. x i— L 

Kqunre ftrnt. 

To dt'ienuiiit' the pressure }i at the inner face, when the r 
cmjitv, find ihc centre of gravity of the section ol the wall above DE, 
and .iriLiVi. v,-tti&d tlirouirh it. 

If iliis vu-iiaal falls within the centre third of DE, the stability ia 
rF^siired. hi.e;iiise the pri'sstiro i-annot be greater than it is at the outer 
fiicc, «hilf ihc limit of pi.'SSHru owing to there being no bulter is 
iritiifcr. II it docs not, (lie hcii^lit of the layer must be reduced and 
I'.c iMli;iiI;i(liiri ri'|ieated wilb this new viiluo of m. 

Tile iiiti-ii-.iLy of the pivssiire is given by the fonnula at p, 240, i.e.. 



^1 - -id 
I 



i ' 



s the intensity of the pressure on that edge of the base to 

wliich the centre of pressure is nearer, 
3 the width of the base, 
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d it) tliL' distance from the cuntre of pres^nre to the nearer 

edge of the base, 
N is the total pressare on the base. 
Thia calculation is to be repeated with other layers, m feet deep, 
until the vertical through tlie centre of gravity of the section reases 
tu fall within the centre third of the base of that section. 

To design the third part {Fig. 14). 
Fir/.li. 




In this part, the problem is to find the inner and outer batters, which 
will jah fulfil conditioaB A and B. 

Let FDEG (Fig- 14) represent the part of the dam already designed. 
„ DEHI represent the new layer, the inner and outer ^batters of 

which it is required to determine. 
„ L be the centre of pressure, reservoir foil, and K the centre 
of pressare, reservoir empty. 
Then by tiie conditions, IK, KL, LH, each = I IS. 
Let A = area of FDEG. 
„ Ai= „ „ DEHI. 
„ « = DE. 

„ y = addition to breadth of dam at IH, i.e., IE = e + y. 
Neglecting the small vertical component of the presenre of 
the water on the inner batter, DI, and taking moments about L, 
'£li+S)-'=,,,(A+A,)KL = 'l(.+ j)(A+=iMl±»)) (5) 

from which y is obtained. 

Next, to find how this addition to the width is to be made, so as to 
fulfil condition B. 

Let c = the horizontal distance from I to the vertical passing 
through the centre of gravity of A. 

Let « = IM, the base of the inner batter. 

Then NH, the base of the outer bfttter=y— a. 

Taking moments abont I, knowing that the vertical through tha 
centre of gravity of the whole is at a distance from \=\ {e+y). 

,^.j,_ A('+«)+^+"«(' + J) + f (j->) (. + « + ! (»-•) 
~S A + A,. 
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AC« + <!) + ^(« + ff + + '?^(y + «) 



(«) 



A. +±1 
from which x is obtained. 

This calcnlation ie to be repeated with other lajrera until the limit of 
pressare ia reached od the outer face of the dnm. 

To design the fourth part (^ig- 15). 
Fig.li. 




To' this depth the batter uf tlie iimar face has been bo small that tfastj 

vertical component of the water, i p , the weiffht of the water lying 
vertifiillj 11 In. VI- tilt} liiittii Ins been left tut uf ( iisi itritun, flic effect 
being to nndercstimnte a Utile the stability of the dam, reservoir full j 
the Etability, reservoir empty, not being affected by it 

From this point downwards, the interoal batter becomes consider- 
able ; the effect of the water lymg vertically above it is to increase 
malerially the stability of the dam, and it becomes a question for the 
Engineer whether he will take the weight of the water into coosidera- 
tiun or not. 

Supposing the work to be so done that the dam ia sonnd, and the 
leaks through it inconsiderable, and unless it is, the wall cannut 
be safe, there appears to be no valid reason why the advantage to bo 
derived frum the weight of the water should not be considered, and 
the section reduced accordingly. 

In the Examples the design has, for illustration, been made both 

Foarth part, omitting (he weight of the water resting on the in- 
tcrnnl bntter. 

The simplest way of designing this part is in Inyers by trial and error. 

Let FGIH ( f w. 1:1), represent the part, ..Iready designed. 

Assume for trinl a layer lUQU, the batter both of the inner and 
outer face being increaaed, the oater batter at a greater rate thaa 
the iimer. 
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Let PR be the vertical passing through the centre of gravity of the 
part FQIH, and ST the vertical passing throngh the centre of 
gravity of the aasnmed new part lOQH. 

Find the vertical UV passing throngh the centre of gravity of the 
whole section. 

It mnst fall within the centre third of OQ. If it does not the inner 
batter mnst be increased, the calculations being repeated with the new 
dimensions. 

Determine the intensity of the pressnre at O by the formnla given 
at p. 284. 

Find the centre of pressnre, reservoir fall, by combining the pressure 
of the water, and the weight of the dam. 

The resultant must fall within the centre third of the base, and if it 
does not the outer batter must be increased, and the calculations re- 
peated. 

Determine the intensity of the pressure at Q, reservoir full, by the 
fbrmula given at p. 284>. 

If the intensity of the pressure at O is too small, while that at Q is 
too large, it points to a reduction of the inner batter, and an increase 
of the outer batter ; if the intensities of the pressure at O and Q are 
both too great, it points to an increase of both batters, while if the in- 
tensity at O is too great, while that at Q is too small, it points to 
an increase of the inner, and a decrease of the outer batter. 

By a few trials, the proper dimension, which just fulfils the con- 
ditions, will be arrived at. 

This method is troublesome, but the calculations are very simple, 
and it would be more troublesome to arrive at the proper dimensions 
by means of equations. 

The remaining layers of the dam would be designed in the same ^ 
manner. . 

Fourth part, taking the weight of the water into account. 

In this case the method of proceeding as fkv as the determination of 
the pressure at the inner edge, reservoir empty, is the same as before. 

For the determination of the pressure at the outer edge, find the 
vertical passing through the centre of gravity of the dam, and of the 
water (FIOY) (Fig. 15), resting on it. 

Combine the horizontal pressure of the water with the weight of the 
dam, and of the water resting on it, to find the centre of pressure, reser- 
voir full. 

It mnst fall within the centre third of the base, and tbe intensity of 
the pressure at the outer edge as determined by the rule given at p. 
284, must not exceed the limit laid down. 

The alterations in the assumed addition would be made in the 
manner already described for the case, where the weight of the water 
IB left out of consideration. 
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EXAMPLE I, 



A wal] or dam ia to be constmcted across n aotnewUat broad gorp«, 
60 tLat no diminiition of section can be effected by buildiug tbe wall in 
D ciir\e on plan, although it maj bo well so to build it. TLere ia no 
opening throQgb the wal). 

The material of which the wall is to be built is trap in strong liydrmilio 
mortar, the latttr being capable of reaiBting with Rftfety a vertical 
presBUre of 20,000 lbs. per sqaare fool ; the vertical pressure to be 
gradually diminished as the battor increases, the limit of pressure bciu^ 
20,000 lbs. X \ + ^'^''■^ . per sqnare foot, where 9 is the angle which 

the ont«r face makes with tho vertical. 

The weight of the masonry, which is to be well built rubble, not 
courBcs, is to be taken at twice that of water, which may be takoa at 
Gi'5 Iba. per cubic foot. 

The co-efficient of friction of the masonry may be taken at '7. 

Tho top of tbo dam ia to bo 19 feet in width to allow of a road, and 
the top water level is on a level with this. 

Tho total depth of water is to be 2u0 feet. The foundations and 
sides of the valley are of ti-ap, and able to bear this weight of water. 

The design is to be mode in accoidance with the conditions laid dowtti 
at p. 280. 

B&markt. 

The French Engineers gave the Barrage dn T^irens a cuTvataro 

townriU tlio reservoir of .5 nii'lre.f, the chord of the nrc bpin^' 100 
metres, and in the llemoire by Monsieur Delocre, already relerred 
lo. a method is given for ciilcnlatiug the reduction, which may lie made 
on accouiit of the transmission of the pressure to tho sides of the 

On this subject. Professor Rankine says (Engineer, 5th Jan. 1872) : 
" As regards the effect of giving the wall a curvatTtro in plan, convex 
towards the reservoir, I look upon this as a desirable, and in many 
cases nn essential precaution, in order to prevent the wall from being 
bent by the pressure of the water into a curved shape concave towards 
the water, and thus having its outer face brought into a state of tension 
hori/.ontally, which would probably cause the formation of vertical 
fissures, ond perhaps lead to the destruction of the dam. I consider, 
however, that calculations of Kt.ibilify which treat the dam' as a hori- 
zontal arch arc so uncertain as to bo of very doubtful utility; and I 
would not rely upon them in designing the profile. Jn fi.xiiig the radius 
of horizontal curvalnre, I consider that the Engineer should be guided 
by the form of Ihe gorge in which the dam is to be built, making that 
radius as short as may be consisteDt with convenience in esecntion, and 
with making the cndB of the dam abut noironlly against the sound rock 
at the sides of tho goi^e." 

As regards there being no openiiig through the dam ; it is better to 
avoid such openings, as likely to induce uncqnal settlements, and there 
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18 seldom any serious difficnitj in running a tunnel round the end of 
the dam in the natural rock to receive the outlet pipe with the 
necessary arrangements. 

The limit of vertical pressure 20,000 lbs. per square foot is that 
given by Professor Rankine, while the reduction of the limit as the 
batter increases, is proposed as sa{(% and ap()roximately meeting the 
increase of stress duo to the increase of the batter. 

The co-efficient of friction is given, but if the work is properly built, 
and not in layers, no sliding can take place, unless accompanied by 
the shearing of a great number of blocks. 

The widt^ of the dam at the top is enough for a road and guard 
walls. 

The depth of water 200 feet is considered to be as much as or more 
than is likely to be required. 

It is to be observed, that in order to shorten the calculations, the 
layers have been taken of greater depth, than it would be desirable 
to take them in preparing a design for actual execution. 

It is obvious, that the greater the number of the layers, the more 
accurately will the section fulfil the required conditions at every leveL 

First part. ABCD. (Plate L, Fig. 1.) 

Here w = 62*5 lbs. 
«?i = 125 „ 
b = 19 feet 
a = „ 
h is unknown. 



Then by eq. (1) p. 283. 



6 =«^i(^ + «)e- 

and substituting the values 
h = 26-87 feet 

By eq. (2) p. 283, p = w^ (h + a) = 3,358 lbs. 
(3) „ „ i>i = 2tt;i (/* + a) = 6,716 „ 

Drawing this part to a large scale, and trac'ng the resultant of the 
pressure, and of the weight, a check is afforded on the accuracy of 
the calculations. 

Second part. DCEF. (Plate I., Fig. 1.) 
Assume a layer 23*13 feet deep. 
Here W = 63,816*25 lbs. 

c = 9 5 feet 

e = 19 „ 

m = 2313 „ 
A+m = 50 „ 

X == width of base at a depth of (h + m) feet 

Then by eq. (4) p. 284, 

6 6 
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find snbstitating the values 

1 = 31-2 feet, 

Tlie ve^ht of the dam above this leyel= 

/ OQ*i\ ^ _ 2x136,386-62 
(p. 283), Pi = gj^ 




'■*=8,?43 Iba. 



To find the valne of p. 

The vertical p&ssing throngh the centre of gravity of the dam above 
this level ia at a distnnce of 11 "25 feet from the inuer face, and it falls 
within the centre third of the base. 

The intensity of the preasare at the inner face mnst, therefore, bo 

less than at the outer face, and substitnting in the formula at p. 284, 

_ 2x31-2-3xll'25 ^ 3xl36.386-62 _ 



■i\-2 



31-2 



= ?,8i5 lU. 



Adding this part to that already dra^n, and tracing the re<iiiltnnt of 
the pressnre and of the weights, the accuracy of tho calculation is 
checked. 

Second part continued. FEGH. {Plate I., F!.,. 1.), 
Ah the centre of pressnre, reservoir empty, nt the lasl level waa not 
very far (only '85 foot) within the centre third of the width, it is 
probable that a layer of small deplh, sny 10 feet, will give the level at 
which conditions A and B arB.jnst falfifled. 
Aaeume for trial a layer 10 feet deep. 

Then W = 1,09109 feet x 125 lbs. = 186,386-62 lbs. 



A+»i 



: 11-26 

= 31-2 
= 10 



and snbstitnting tliese valoes in eqnation (4), p. 284. 
X = 37-86 feet. 
Also;),= 9,485 lbs. 
The vertical passing through the centre of gravity of the da-n above 
this level, is 1271 feet (i.e., 09 foot) within the centre third. This 
depth may therefore be taken aa fulfilling with suflicieDt accuracy, 
conditions A and B. 

Then p=p, = 9,485 lbs. 
Adding this layer to those already designed, and tracinj* the re- 
sultant of the pressure, and of the weight, the accuracy of the calcula- 
tion is checked. 

Third part. HGIK. {Pl.>iel.,Fi,j.\.) 
Assume a layer of 30 feet deep. 

Here A = 1, 430-39 square feet. 
c = 12-71 feet, 
a = 37-86 „ 
■m = 30 
A + m = 90 

y = addition lo width at tha depth (h + m). 
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Then by eq. (5), p. 285. 

and substitaiing the values 

y = 24-22 feet, 
and e + y = 6208 „ 

Now let z = base of the inner batter. 

A^= area of additional section. 
Then by eq. (6) p. 286. 

""3 A + Ai 

and substituting the values 

z = 2-05 feet. 
Alsopi=p = 12,145 lbs. 

The limit for p^ = 20,000 l±j2^!:iZ°= 1 7,986 lbs. 

„ for p = 20,000 I±i2?ii!= 19,976 lbs. 

z 

so that the limit of pressure is not reached either at the outer or the 
inner edge of the layer. 

This layer may now be drawn, and the centres of pressures laid down 
as in previous layers. 

Third part continued. KILM, (Plate L, Fig, 1.) 

Assume a layer 30 feet deep. 

Here A = 2,936 square feet. 
c = 20-69 feet. 
e = 62-08 „ 
m = 30 „ 
h+%n = 120 „ 

y = addition to width at a depth of 120 ft« 

Substituting these values in eq. (5), p. 285, as before, 

y = 22-19 feet, 
and « + y = 84-27 „ 
Also A^ = 2,195-25 square feet. 

Substituting the values in eq. (6), p. 286, as before, 

z = -61 feet. 
Also p = ^1 = 15,223 lbs. 

The limit £otj>^ = 20,000 l±f^L?i''= 18,092 lbs. 

pz= 20,000 ^ + COS- 2° _ 19,994 ^^^ 

60 that the limit of pressure is not reached either at the outer or tho 
inner edge of the layer. 

This layer may be drawn as in the case of previous layers. 
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Tliird part continued. MLNO. il'late I., Fig. 1.) 
* Aaaume a layer 30 feet deep. 
V Hero A = 5,131'25 square feet. 

■ c = 28-09 feet. 

o = 84 27 „ 
m = 30 
A+7n = 150 „ 

y = addition to width at a depth of 150 feet J 
Snbsti luting tbcse valuea-in equation (5) p. 285. 

e + y = 105-99 „ " 
Also A| = 2,850 9 square feet, 
md Bubstitnting tljeee Talues in oq. (6) p. 286. 
i = -37 feet 
Also p = J., = 18,825 Jbs. 
Tbe limit forp, = 2u,QQ0 ^ - ^ mis. 36° _ jg^Qg2 j^ 



The limit & 



- 20,000 



1 + COS. 2' 



= 10,994 Iba. 



leeded at the outer edge, nnd it 
smaller depth, for this layer 



so that the 'limit of pressure ia e 
w.^ald be dcBirablo in practice to a 
UD'i recalculate.'. 

For the purpose of this paper, it i* near enough, and tbe layer may 
be drawn and the caloolationii checked as before. 

Fourth part.. ONPQ. (Phile I., Fi'y. I), neglecting the weight of 
tUi.- winoi' .>ii lliL- innoi- biiU,'r. 

Assume a layer 50 feet deep and a biiBO of 1875 feet aa shewn (this 
width having been arnveJ at after three trials). 

Then area of new hiyur = 7,337-25 square feet 

„ „ part already designed = 7,98ri5 „ ,, 

iSMSi „ 

The vertical throngh the centre of gravity of tlie whule is at a 
dislance of 67 feet from the inner lower edge of the whole section. 
Then by fermnla, p. 2S4. 

_ 2 X 187-5 - 3 _ x 67 2 x 125 X 15,318'j. _ , 
^ 187-5 187-5 

, 1 + COS. 19° 



: 18,954 lbs. 



= 19,455 Iba. 



the limit for ^i being 2'.',000 - 

Drawing by C'instniciion, the ^e^.ullant of the press 
jveight, the centre of pressure, vuscrvoir full, is found 
"com the outer lower edge of the whole section. 

Then by formula, p. 284. 

" ■ '■■■7-5 - 3 X -C-7 „ 2 X 125 X 15,318-4 



^1 = 



187-6 



187-5 



the limit for »j being 20,000 
IT this breadth is a little too great, an' 



I. 53° 



night be reduced a trifle. 
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It is to be observed that there is no check by constraction upon the 
accuracy of the calculations in this last part of the dam. 

The actual pressure at P, reservoir full, taking the weight of the 
water into consideration is 1 3,291 lbs. per foot super, so that there is 
an unnecessary quantity of material in this layer, duo to the neglect 
of the weight of the water. 

Fourth Part. ONRS. (Flate I., Fig. 1), taking the weight of (he 
water into consideration. 

Assume a layer 50 feet deep, and a base of 1795 feet as shewn. 
Then area of new layer = 7,137*25 square feet. 

„ „ part ali-eady designed = 7,981*15 „ „ 

15,118*4 „ „ 
The vertical through the centre of gravity of the whole is at a 
distance of 68*5 feet from the inner lower edge of the whole section. 

Then by formula, p. 284. 

2 X 179*5 - 3 X 68*5 ^ 2 x 15,118*4 x 125 _ ,q^tq ,, 
p = ^^- ^ X — ^— = 18,018 lbs. 

^ 179*5 17V'*5 

the limit fori) being 20,000 LlA^?!^?! - 19^272 lbs. 

or this inner batter is probably rather too much. 

The vertical through the centre of gravity of the water lying on the 
inner face of the dam, and of the dam itself being drawn, and the 
pressure, and the whole weight of dam and water being compounded, 
the centre of pressure, reservoir full, is found to be 79 feet from the 
outer lower edge of the whole section. 

Then by formula, p. 284. 

2 X 179-5 - 3 X 79 ^ 2 X 2,128,238 i«nftiu„ 
p,= 1795 X 179:5 = 16,116 lbs. 

the limit for p^ being 20,000 ? "^ ^l^' ^^ = 16,820 lbs. 

From this it appears that the width is a little too much, and might 
be reduced somewhat on both faces. 

EXAMPLE II. 

The conditions in this case are precisely the same as in Example I., 
with the single exception that the weight of the masoniy is taken at 
162*5 lbs. per cubic foot, instead of at 125 lbs., the object being to 
show the difference of section resulting from the different weight of 
the material. It is not considered necessary to give the calculations as 
in Example I. the method being precisely the same in both ; but the 
section calculated is given in Plate I., hxg, 2, and in PZa/e^III.^the 
two sections are imposed on one another. 

Comparison op the Two Dams. 

It jeill be seen that for a dam of any less height than about 
180 feet, there is less finished material in the dam of the heavier 
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ina<toiiry, while above this Iiei|;lit the lighter mAsonrj gives e. emaUer 

Supposing AD Enf^neer to hare a choice of mRtcrials for bis masonry, 
it ilucB not of course follow that the heavier masonry would be cheaper, 
even where less in quantity, the increase of expense in raising and 
Iiiytng the heavier stone being probably greater than the saving ariaing 
from the Btaalier quantity of it re<juired. 

pRorgssoH RiSsiNE'a Skctios. 

Fig. 2, riale II., is thi! section of the reservoir dam proposed by 
Professor Rankin© (see the Engineer, Sth January, 187"2, in which 
the width at the top is 1874 fuot, the weight of miiteriala tbe same aa 
in Exnaiple I., ajid the faces are given by two logarithmic curves. 

This design fuIKIs all the conditions liiiil down by him, and provides 
for the rcduL-tiou of the pressure at the outer face as tbe batter 
creases in a far greater degree than in Example I. 

There is more masonry all the way down in this design than in tlut^j 
given in Example I. 

TJSDERGROnSD TiSK3 OB ReSBEVOIKS. 

Masonry or brickwork tanks are almost invariably constructed 
nndergronnd, the water being thereby kepi cooler and purer. 

Plait! 111. gives the plan and section of an ordinary service rcaervotr. 

When the reeervoir is empty, tbe aidc-wa1k are subjected to the 
thrust of the arch outwar.Is, and the jjri-ssure of (he e;irth inwards, 
and when the reservoir is full, the side walls are subjected, in addition, 
to the pressure of the water outwards. 

They must therefore be designed to meet both pressnrcs. 

The end walls from which do arches spring, are frequently built as 
horizontal arches to enable them better to resist the pressure of the 
earth when the reservoir is empty. 

They are subjected to the pressure of the earth or of the water only. 

In doubtful ground, inverts are sprung between the feet of the piers 
to distribute the pressure caused by the weight of the arched covering 
and itfi loading. 
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STONE AND BBICK ARCHES. 



Evert theory of the arch is strictly applicable only to arch-rinps, 
composed entirely of wedge shaped blocks (voussoirs) of incompressible 
materials, resting on or against immoveable abutments. 

Bat experience shews that, when the centres are stmck, the defor- 
mation of a well built arch-ring is so small, that the results obtained 
from the consideration of the stability of a stone arch-ring, supposed 
to be incompressible, may with perfec^t safety be applied, not only to 
actual arch-rinps having slightly compressible stone voussoirs, but also 
to well built rubble and brick arch -rings. 

For ordinary spans for ordinary purposes, such as small road or rail- 
way arches, or casemate arches, the thickness of the arch-ring, as well 
as the dimensions of the abutments necessary to resist the thrust of the 
arch have been sufficiently determined by actual practice, and there is 
generally no necessity for calculating them. 

For larger spans, the weight of the arch-ring and its permanent load 
is so large in comparison with any moving load that can come upon it, 
that it has usually been the practice, unless there has been some special 
reason for thinning down the arch-ring, to treat the moving load as a 
uniformly distributed load, and to include it with the weight of the 
structure. 

In very large arched, the difference between the permanent load, and 
the greatest possible moving load is still gi*eater, but it is generally nn 
object to keep down the depth of the voussoirs, and the intensity of the 
thrust is so great that it is necessary to enquire into the stability of 
the arch-ring. 

In both of the last classes of arch, where the experience obtained 
from actual practice is not so great as in the case of smaller arches, it is 
neces.sary to determine the dimensions of the abutments by calculation, 
or diagram, or the two combined, and to do this, the thrust of the arch 
must be ascertained. 

In this paper the following method is followed : 

(I.) On the assumptions, that the arch-ring consists of incompressible 
voussoirs resting on, or a^^inst immoveable abutments ; that each voas- 
soir has its load, which is entirely vertical, and includes the weight of 
the voussoir, applied to it directly without the intervention of any back- 
ing ; and that Moseley's Principle of least Resistance is applicable to the 
arch, it is shown how to trace the true line of resistance through a pro* 
posed arch-ring, and from it to determine whether the arch- ring is stable 
under the intended load ; (a) when the arch-ring and load are both 



Bj-mraetrical with regard to the crown ; (6) wbeo either the arch-rin^j] 
or the ]oai3, or bolh iire nnsyiniiietrical with regard to the crunn. 

(2.) It is shewn how the time lino of resiatniica through a slightly 
compresHible arch-ring: of the same ori^nal form mxy bo ijedaced from 
that of the iiicorappcssible ftrch-rinK with rjuffiaient accnracj for the 
purposes of the Eugineer, and the dimeiiBiona of the abatments deter- 
mined from it-. 

The method is taken from a work by Dr. Hetmnnn Scheffler, Banrat'i, 
of Brutiflwick, entitled " TIforie dtr GfifoWe, Fultermatu'rti, and E<semen 
Biiu-ien," translatetl into French, under the title " JVaHS de la titahHite 
rfss Ci/Mlrueliori«" by M. Victor FourniJ, lugenii-nr des Ponia and 
Chaussees, and it is the method which was explained by Mr. Cawthorne 
Unwin, B.Sc, in the course of Lectures on Raihiity Conitrvetioa, 
delivered at the School of Military Engineering, in 1869-70. i 

CoNDiTioKg OF STABiLirr OP in Ihcomfrissiels Ascn-BiKG. J 

an ineompressihle arch-ring are th* ' 
iucotnpreasiblo malcrinls (p. 236), and 
they are r 
(1.) The line of rcBistance must fall everywhere within the arch- 

(2.) The direction of the pressure on any joint ninat not make with 
the normal to the joint an anjj'o greater than the angle of ti-iction, 
i.e., the angle of which the co-efficient of friction of the material of tho 
jointa ia the tangent. 

FeBST CoST'ITION of STAHILITr. 

The forces mnintainiug the equilibrium m any vonssoir ABCD 
(Plate I- Fin. I), are the weight W of the voussoir and its load, 
acting through their common centre of gravity, the pressure P of the 
voussoir nbiive, and iho reaction R of that next below ; and it is neces- 
sary to the stability of this voussoir, that the centre of pressure K on 
AB should lie wiihin AB. 

If R the resultant of P and W were to pass below A, the voussoir 
would i-otate about A, as in Fi'/. 2, Ptole I., and if it were to pass above 
B, the voussoir would rotate about B, as iu Vig. 3, Flile I. 

The condition of stability necessary for one voussoir is necessary for 
each and all of the voussoirs, and hence it folli.wa that, for stability 
against rotation, the line of resistance must lie everywhere within the 
arch ring. 

Second Condition of Siaeilitt. 

As regards the second condition of stability it may be at once stated 
that arches seldom, probahly never, tend to fail by the sliding of the 
vonssoirs on one another, and this condition will therefore be lelt out 
of consideration for the present, although it will be shown ultimat«ly 
bow to determine whether an arcb-ring, found to be stable as regards 
rotation is stable as regards sliding. 
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Application of the Pbinciplb of Least Resistavck. 

In general, where an arch-ring is stable, it is possible to draw withiu 
the arch-ring an infinite nnmber of lines of resistance, each oonsiptent 
with equilibrium, and it is necessary, in order to determine which of 
these is the actual line of resistance, to resort to Moselej's Principle of 
least Resistance. 

This principle as stated bj Professor Bankine (E.^.lf., p. 215) is as 
follows : 

'* If the forces, which balance each other in or upon a given body or 
stiocture be distinguished into two systems, called respectively active 
and passive, which stand to each other in the relation of cause and 
effect, then will the passive forces be the least which are capable of 
balancing the active forces, consistently with the physical condition of 
the body or structure.*' 

The result of this is, that of all lines of resistance lying within the 
arch- ring, the real line of resistance is that which gives to the hori- 
zontal thrust in the arch-ring, which, with vertical forces, is the same 
everywhere, its minimum value, and the problem is to find that line, 

Method of Drawing a Line of Eesistancb thbough an AscH-RiNa. 

Let Fig, 4, Plate I., represent an aroh-pring of any form, loaded with 
vertical loads in any manner whatever, and let the value, direction, and 
point of application of the resultant, R, at any joint AB be supposed to 
be known. 

Draw vertical lines, 1 to 8, through the centres of gravity of the 
Youssoirs, and their loads. 

Produce R to intersect 4 in a, make a & to represent R (on any scale 
of parts) and ac to represent W^. Complete the parallelogram ; then 
a d 13 the resultant pressure on C D, and K is the centre of pressure, 
which falls outside of the arch-ring. 

Produce ad to intersect 3 in c ; make «/*= ad, and e gr = Wj^, com* 
plete the parallelogram ; then e his the resultant pressure on E F, and 
It the centre of pressure. 

In a similar manner, find the centres of pressure M and N, on the 
joints HG and OP, and on the right side of the aroh-ring. 

Joining NAILK, and so on to the right, the line of resistance is 
obtained. 

It will be seen that this line lies above the eztrados in the neigh- 
bourhood of the joint CD, and below the intrados on the right of the 
arch-ring. 

It is not therefore the true line of resistance, but the object now is to 
show how to draw a line of resistance with any assumed pressure and 
any point of application. 
^ It is obviously the same as in other blockwork structures (p. 232). 

It is a polygon, but if the voussoirs were infinitely thin, it would 
evidently be a curve of some kind or other, and the lines of resis ance 
shewn in Plates II., III., and lY. are drawn as curves on this supposi-i 
tion. 



DETBBMISitlON 0? THE Ll»E OF ResISTANCK, WHICH CDRRBSPOSDa 10 
THB MlNIMDU ThEUBT, IS A SyMMETElCit. ABCH-RiSO StMMETSICALLT 
LOADEU, 

Let ABCD (Plal^ II., R>. 1) bo a half arch-ring of any form, and 
W its weight, including any external loads (all Tertical), GW the 
vertical passinff throngh the centre of gravity of W, 

Let Kl be any liue of resistonce, Q the thmat at the crown, which 
ftom the eymnietry of Iho nrch-ring and load mast be horinontal, and 
which, applied at K, gives rise to the line of resistance K I. 

Let p he tiie horizontiil distance of the vertuail GW from I, and A I 
the vertical height of K above I. ' H 

Then taking moments aboat I I 

^ A 

For any otlier line of resistance, Q will be lees, as p is less and ft is 
greater ; so that the least value of Q will be obtained by drawing aline 
of resistanes through D and A, (Plate II., Firj. 1.) 

From this proceeds the following method of enquiring into the 
Bfability of an arch-ring. 

A line of resistance, which may or may not lie within the arch-ring, 
is drawn (as desciibed nt p. 2'J7) Ihringh the highest point D of the 
orown, and the inncriuoBt point A of the springing. Five cases then 
present themselves : 

FiBSt CiSl. The line of reaiatanca DA lies entirely within the arch* 
ring (Plate IT., f'i^. 1). It complies with both conditions, of bpintr a 
minimum, niid lying within the arch-iiiig, and la tbeccl'ure the tnio 
line of resistance. 

Second Case. The line of resistance DA cuts the intrados in one 
point (Plate II., Fiy. 2), or more points (Plate II., Fiij. 3), but doea 
not cat the extrados. 

Then tbo line of resistance corresponding to the minimnm value of Q 
pnsses through the extrndos at (he crown D, and loaches the intradoa 
GA ; and provided it lies everywhere wiithiu the arch-riug, it ia the true 

DEI (Plate II., Fig. 4) is such a line, E its point of contact with the 

If tbe line of resistance cufs (Plate 11., Fig. 5) the extrados between 
D and E, the equilibrium of the arch-ring is to be considered as belong- 
ing lo tiie Fourth Case, furiher on. 

if the lino of resistance cuts tbo cstrados below E and nbove the 
springing (Phtle II., Fi^j. 6,) equilibrium is impossible with that arch- 
ring, and that load, and one or the other or iKrtli must be altered. 

In this case tbe arch-ricg would fail, on tbo rcmnval of tho centres, 
by the falling in of the crown, and the spreading of the baunchea 
(Plate 11., Fig. 7). 

The limit of stability is attained, when the line of resistance DEI 
passes through the eiterior point U of the springing (Plate II., Fig. 8), 
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and the farther I is inside of B, the greater the stability of the aroh- 
ring. 

Third Cass. The line of resistance D A cats the extrados at the 
crown, and again lower down, bat does not cat the intrados above the 
point A (PlcUe III., Fig. 1). Then the line of resistance corresponding 
to the minima m valne of Q starts from some point in the crown below 
D, touches the extrados between crown and springing as at F (Plate 
III , Fig, 2), and cats the intrados at A ; and provided it lies everj- 
where within the arch-ring, it is the tme ]ine. 

A F K (Plate III., Fig. 2) is such a line, F its point of contact with 
the extrados. 

If the line of resistance A F K (Plate III., Fig, 3) cats the intrados 
bolow the point F, the eqailibriam of the arch-ring is to be considered 
as belonging to the Fonrth Cas?, farther on. 

If it cats the intrados above the point F (Plate HI., Fig. 4), eqaili- 
briam is impossible with that arch-ring and that load. 

In this case, the arch«ring woald fail on the removal of the centres, 
by the lower parts falling inwards, lifling the apper part of the arch 
(Plate III , Fig. S). . . 

The limit of stability is attained, when the line of resistance A F K 
passes throngh the lowest point of the crown (Plate III., Fig. 6), and 
the further K is from C the greater the stability of the arch. 

Fourth Case. The line of resistance D A cuts the extrados and 
intrados without passing more than once through the arch-ring (Plate 
IV^Fig.l). 

The line of resistance corresponding to the minima m value of Q 
touches the extrados and the intrados, the point of contact with the 
intrados being below that with the extrados, and provided it lies every- 
where within the arch-ring, it is the true lino. 

K F £ I is such a line, F and E its points of contact with the extrados 
and intrados (Plate IV., Fig. 2). 

If the line of resistance cuts the intrados above the point F (Plate ^ 
III., Fig. 4), or the extrados below the point B (Plate II., Fij. 6), or 
both at once f Plate IV., Fig. 3), equilibrium is impossible with that 
arch-ring and that load. 

In this case the arch-ring would fail, on the removal of the centres, 
in one of the ways shown in Figs. 4 and 5, Plate IV. 

The limit of stability is attained when the line of resistance passes 
through B or C, or through both these points (Plate IV., Fig. 6), and 
the arch-ring is more stable in proportion as the points I and K are 
respectively nearer to A and D. 

Fifth Case. The line of resistance DA cuts the intrados and 
extrados in any number of points, and traverses the thickness of the 
arch-ring more than once. 

Equilibrium with this arch-ring and this load is impossible, the arch 
failing as shewn in Plate IV., Fig. 7. 

To Trace the true Line of Kesistakob. 
To do this, it is necessary either to trace a line of resistance which 
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paBBOB tbrongli tiro given poinls (Case 1), or which, passing throngk-l 
one point, toncboa a giren curve (Casea 'J and 3), or wbicb toDcbeft' 
Iwo given curves (Case 4). 

To do this analytically ia very difficult, but it may be done by con- 
Btraotiioa with comparative facility and with snflicient accuracy for tha 
parposea of the Engineer, as described further on. 

It may be said bore, however, that the tbree seta of conditions jasfe< 
mentioaed, uoder which the real lino of resistance may have to bAn 
drawn, may in every case be reduced to oao, viz., the first of the threoy 
drawing a line of resistance through two given points. 

for if the trial line of resisiance DA cuts the intrados near tb 
springing (Plate IL, Fig. 2), or the eitrados near the crown (Flaie III. 
i-i?. 1), or both (Plate TV., fig. 1), the form of that line indicate 
with considerablo accuracy the points of contact of the real line with 
the extmdos and intrados, those points of contact being approiimately 
tbe points where (bu line DA ia farthest from the eitradas or ictrados. 

If a second line of resistance traced throagh these approximate 
points of contact does not satisfy exactly the required cocditions, it 
wi!) nevertheless very nearly do so, and a third line drawn in a mannW 
similar to the second will certainly bo near enough for all purposes. 

In illostration of this, let Fig. I, Plate V, represent the half of 
Bymmetrically loaded arch-ring, and DA the trial line of reaistanovj 
^wn tbrongb the oltradoa at tbe crown and the intrados at "~ 
springing. 

It cnta tha extradoa below tha crown and the intrndoa above 
■pringTiig. 

Then, approximately, the poinis ( 
meat F ami E, where the trial hi 
eitradoB and intrados respectively. 

Let K be the point of application of tbe thrasti Q in tha crown ; then 
taking moments aboat F, 

Q X Ka = Wj X Fb (1) 

whore W| is the weight of the arch-ring, and its load between the joint 
FU and tbe vertical Dc, acting through thoir common centre of 
gravity. 

Taking moments about £, 

Q X k;c=: ITj X Ed (2) 

where Wg is the iveiglit of tbe arch-riug, and its load between the joint 
E H and Oy vertical D c, acting through their common centre of 
gravity. 

l^Ka^x, ca = a, Fb = t, Edsc 

Then equations (1) auj (2) become, respectively, 

Q z = Wjt (3) 

and Q (^ + a) = W,c (4) 

from which Q and x are obtiined, and the new lino of resialance drawn. 

Tills line m[iy cut the extmdos or intrados, or both ; and if it docs, 

it may be necessary to choose two other points, whose position will 



los. 

nW^^H 
f a^H 

1 



TfilCitirSBd OF THE AROH-Bnia. 801 

lipprozimately be, where the new line of resistance is farthest from the 
extrados and intrados respectivelj, and to take moments aboat them 
and construct a third line of resistaace. Bat this acouracy will seldom 
be necessary for the purposes of the Engineer, 

The case jnst stated is the general case (No. 4f p. 299), of which 
oases (2) and (3) are particalar cases. 

In case (2), as the true line passes through the extrados at the 
crown, it is only necessary to take moments about the point E 
(Plate 11,, Fig, 4:). 

In case (3) the true line passes through the intrados at the springing, 
and moments are taken about the point F (^Plate III., Fig, 2), and tlie 
intrados at the spriuging. 

In many cases it saves trouble to draw the trial line through points 
in the crown and springing other than those hitherto chosen, and a 
little practice will point out when this is the case. 

Thickness of the Abch-Einq at the Crowk. 

Before applying the principles above laid down to any particular 
case, it is necessary to assume the figure of the arch-ring ; and it is 
therefore desirable, before giving special examples, to give some rule 
for determining the thickness of the arch-ring at the crown and 
springiDg, so that the pressare shall not exceed what the material can 
safely bear. 

Professor Rankine's rule (B.O.E. p. 425, and U.B.T. p. 188) is as 
follows : 

For the depth of the keystone, take a mean proportional between the 
radius of curvature of the intrados at the crown and a constant whose 
values are : 

For a Single Arch '12 foot 

For an Arch forming one of a series ... '17 „ 
or in symbols, 

Depth of Keystone, for a single arch, in ft. = v /*12 x radius at crown. 
Depth of Keystone, for an arch of a series, in ft. = ^'17 X radius at crown. 
The depth at the springing in stone arches is generally more than 
that at the crown, the pressure being far greater there; but it is 
generally determined in the first instance by considerations of appear- 
ance, and tested afterwards in the manner shewn in Example I. 

The Line of Resistance, which Corresponds to the Minimum 
Horizontal Thrust, in an Unstmmetrical or Unstmmetrigallt 
Loaded Arch. 

Let ABGD (Plate V., Fig. 2), be an arch-ring under any distribution 
of vertical load. 

The pressure of the load gives rise to reactions, B]^, I^, at the abut- 
ments, which in all actual cases are inclined. 

Let W be the weight of the arch-ring and its load ; then resolving 
Bj, Bg vertically and horisontally, equilibrium requires that 



808 TBB UVmOIBTBICAI. AKCH-KnO. 

and by tlio Principle of least R»sistance, tbe points of application of Ri 
and By must be aiich tliat Q( = Q. sliall bare the minimum vsJne. 
consistent with the Cunstmction of a line of rcsisti^nce lying every- 
where within Lhe arch-ring. 

For one joint, EF, in tbe arcb-ritip, the throat is horizonlal, and thia 
joint divides the arch iitto two parts, eucb that P, is eqnal to the 
weight of the arcb-ring and iis load, lying on that side ol EF, while 
Pg is equal to the weight of the orch-riiig and ita load lying on the 
other Bide of EF. 

Then, assnining tbe points A and C (Plain V., Fiij. 3) as two points 
in tbe trial line of resiataiice, the vertical components of the renctiona 
K| and Rj aro obtained in lhe nsual mnnnor of calculating reactions. 

Assuming F as a tliird point in tlie ti'iiil line of redi^taiice, that line 
is drawn tlirooifh A, F, and 0. 

If that line lie'' Bferywhero within the arch-ring, it ia the trae line 
of resislance. If it passes outside the arcb-riiig ( I'l'ile V,, If'iij. 3), let 
N, M, L be tbe points in tbe intraditB and extradoa, at which the trial 
line of resiKtanca U farihest from tbem. 

A second lino of resistance ia drawn throngh tbe points N, M, L. 

This line will approximate more closely thn.n the trial line to ttie trae 
line of resistance, and if it is not sufiicienlly accurate, a third line mast 
be tr.iced, onlcss it is coitaidiirL'd better to alter the form of tho arch. 

Method op Dbawisg a Line of Resistance rsBonQH thueb porura. 

Let I, L, K (P/'(ie V., Firr. 4). be three points, through which it is 
required to draw a lineof resistiinoc, and ACB a horizontal line throngh 
the highest point of the arch ; 

Let Q be the horizontal thrust in the arch, which, with vertical 
loads, is the same everywhere ; 
„ H, the vertical component of the tbmst S in the vertical passing 

through tbe cvoivn ; 
„ q, the vertical distance from tbe point of application of S to the 

horizontal line AUB; 
11 ffii ^l! ffa- ^"i 3*3' ''3' *'"' horizontal and vertical co-ordinates of 

I, K, L, the origin of co-otdinafes being at C. 
„ P', P", P"', the vertical components of the (hrnsts at 1, K, L : 
„ P„ P^ P3, the weights of the segments CI, CK, CL with their loads. 
i> Pi'P^-Pi' *''<' horizonfcil distances of the centres of gravity of 
thcKe segments from the point C. 
Also for abbreviation, let 



ili-Pi=aj S2~Pl="3 ?3-J'3=i3 




/i|-5=6, /,j--^=Sj ^3-.;=^ 




9-2+'.h='^l ^|-r'3 = ''9 ili+il-2=''3 




ha — /li^Ci ll, — /l.^^p, /i, — /(,=:&i 




ThenP' + P=P, 


(1) 


P'-P=p, 


(2) 


..,P,-f7, !'='■, Q 


(3) 


o,Pj-r/.P=(',Q 


m 


«.P.-J,P=».« 


(6) 
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When the third point given is in the vertical passing through the 
crown, the value of q is known, and g^^o^ ''s=?> P3=o* 
Then from (3) and (4) 

Q— <h <h P j — <^ g ^^2 ^2 (7) 

When the third point L is not in the vertical passing throngli (he 
crown, 

p^ ^ ^1 Pl""^ 2 ^g P2'^^8 ^ ^8 (3) 

^2 ^3 — ^3 ^2 

Co "3 — ^3 "2 

?=fti-^Llir-^ (10) 

In hoth cases the vertical components of the thrusts at I and K are 
already known : 

?'=?!-? (11) 

P''=Po+P (12) 

Having thus P, Q, and their resultant S, which is the thrust in the 

crown, the line of resistance is constructed to right and left in the 

manner already described (p. 297). 

The Slightly-Compressible Abch-Rikg. 

All materials of which arches are built being more or less compres- 
sible, it follows that in.no case can the line of resistance actually touch 
either the intrados or the extrados ; for, if it did, the thrust would be 
concentrated on tho end of the voussoir at the point of contact, and its 
edg'e would crush or split off. 

This effect may be seen in many arch-rings of insufficient stability, 
i.e., where the centre of pressure has approached too near to the ex- 
trudos or intrados. 

The actual distance of the centre of pressure from the extrados or 
intrados at those joints, where on the supposition that the material is 
incompressible, the true line of resistance touches them, depends upon 
the compressibility of the materials. 

As the centres are relieved tho thrust comes gradually on to the 
voussoirs, and the materials compress until the pressure is spread over 
such a surface that- further compression is prevented, the centre of 
pressure moving towards the centre line of the arch-ring at these joints, 
and .stopping so soon as the sarface is sufficient to bear the pressure. 

The lino of resistance in this case corresponds to a greater horizontal 
thrust than in the incompressible arch-ring of the same form. 

The present state of knowledsfe in respect to the distribution of the 
thrust, and of the resistance of the materials to compression, does not 
admit of the actual position of the centre of pressure being accurately 
determined in each case ; and, in fact, any accurate determination in an 
arch-ring would be very troublesome. 



8nt it IS not difliciilt to lay down certain limits ontside of which the 
centree of pressure ought not. to be. and if a line of reaislanco drawa 
tlirangh these paints does not appmach at aay other point nenrer (o 
the eztrados or tutnidos than at these points, thu arcli-nng is stnble 
and the throat on the al.utmeDt fOrreBpoiidipg to this line is the thrust 
to be provided for in desi^fnin^ the aliuiineuts. 

The limit proposed hy Ur. Sclieffler in, that the line of resistance 
shall lie everywhere within the centre half of the depth of the arch- 
ring, the form or the thiekDeas of the Ting bein^ altered until this con- 
dition is complied fvith. it Iwing bupposed that the Engineer has taken 
cnre to select a strong material. 

To apply ihis, after designing ihe arch-ring, two cnrvea are drawn 
through points in each joint at a distunce from tlio intrados and ex- 
tradoB of one-foorth of the depth of liie nrch-ring at that joiut ; and the 
rules already given for determining the true line of reeistaitce in 
arch-rings of incompresaible materiuls are applied to the part of tlie 
arch-ring lying between the curves. 

Thus, lt?t Fif). 5, PInle V., be tlio arch-ring ; then at every joint 
DB=CE = i DC. aud the part of the nrch-ring to be examined is the 
cone contained between the curvcj^ Bfil) and EKE. 

Eqitilibkith of JiN ARcn-RiTia is reoieds Failubb bt Slidiko. 

In drawing the line of resistance to ascertain tha stability of an aroh- 
rinE as regards rotation, the pressure on each joint is knon-n in magni- 
tude and direction, and it is only necessary to see that the direction of 
the pressure at each joint mnkes with the normal to tlio ji)int an angle 
less than that of which the co-efficient of friction of the material is the 
tangent. 

This condition will be fulfilled in almost all cases, but it may not be 
in the lower joints ofan arch such as the flat three-centred arch shewn 
in Fij. 5, Plule v., or in the four-centred arch in Example I. 

In such a case tha backing may bo legitimately counted on to pre- 
vent the sliding, or the form of the arch and direstion of the joints may 
be altered. 

EXAMPLE I. 

It is required to enquire into the stability of the arch-ring shewn in 
Fly. 1, Plate VI., the material of the arch and of its load being the 
same, and solid across the arch, its weight being I cwt. per cubic foot,* 
It is slightly compressible, so that the allowanoo on this account, re- 
commended above, is to be made, viz., that the line of resistanco shall 
be everywhere within the centre half of the arch-ring. 

The arch-ring and its load being symmetrical, it is only necessary to 
considcf one-half of it ; and the load being uniform across the arch, it 
is sufficient to consider a section one foot in width. 

rnllinn loail on a railway bililc*. orot Ibenaroppucallsor ■ tiriilec), the load may heircaWd aa 

fool, iB to tbfl Qciual uieiabi of tlii« [Mirt of ttre load, per cubic foot, n« the "tiiiUi of the parU 
actually cOTcred b; tlio load ii lo tlie total n-idth of tbe arcb. 
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AC is the intrados ; BD is tlie eztrados, and XJY the extrados of the 
load. 

The depth, DC, of the arch-riDg at the crown is calculated by 
Professor Rankine's rule for an arch above ground, standing solitary 
between its abutments, i.e., 

D C = \/r X -12 = \/90-3 x •12= 3*3 feet. 
The radial depth, BA, of the arch-ring at the springing is made a 
good deal greater than the depth at the crown, as, from the form of 
arch it is known, that the line of resistance will approach the extrados 
at the springing, and the pressure is also greater there. 

Divide the arch-ring into seven parts by the joints 1 to 6, drawn 
each to its proper centre, and from the intersection of each with the 
extrados draw a vertical line. 

Find the weights of each part of the arch-ring with the load resting 
directly on it, and find also the centre of gravity of each part. 
These weights are as follows : 

Wi = 8-9t) tons. 
W8 = 4-47 „ 
W8 = 4'92 „ 
W^ = 5-61 „ 
W5 = 4-61 „ 
We = 5-30 „ 
W7 = 8-54 „ 



Total=37-44 ton8=W. 
Draw a vertical through the centre of gravity of each of the loads, as 
well as through the centre of gravity of the whole. 

Lay off on the arch-ring two curves, GG and HH, the radial distance 
of (J from the extrados B D, and the radial distance of H from the 
intrados AC, at any point, being one-'fourth of the radial depth of the 
ring at that point. 

To draw a line of resistance passing through G at the crown and H 
at the springing, take moments about H (in the springing). Then 
the horizontal thrust at the crown, 

^_ W X Ha 

^ Gb 

By measurement, Ha = 11'4 feet, Gb = 27'3 feet, 

whence Q = 15'63 tons. 

Draw the trial line through G at the crown in the manner described 
at p. 297, by compounding Q with Wj, this resultant with W^, and so on. 

It cuts the curve GG at the crown, and again between joints 2 and 8 ; 
and is fiirthest from GG opposite joint 1. 

It cuts the curve HH between the joints 3 and 4, and is furthest from 
it opposite joint 6. 

The true line will touch the curve GG somewhere near F, and the 
curve HH near £. 

It happens in this case that the points E and F coincide with two 
joints, supposing either had fallen between two joints, it would have 
been necessary to draw another joint through it, and to find the weight 



806 BXAHPlV. STMMETRICAL ABCH-RIXQ. 1 

of the part of the arcli-rmjf lying between tliis new joint and the joint 1 

next above it, and also to lind the centre of gravity of tliat part, before ■ 

calcnlating the new value of Q. Call this new valae Q]. 1 

Find the centre of gravity of the part of the arch-ring' and its load M 

tying above E, and di-uw a vertical through it. It is shewn m M 

Fig. I, Plata VI., marked Wi.g 1 

Then from equations (1) and (2) p. 300. I 

Qi2 = W|X 2-8' = ll-ir2 foot tons I 

Qi C* + 15-3) = Wi.(Xll6' = 28-9 x 11-5 = 332 35 foot tons. I 

whence Q, ^ 21 tons, « ^ "5 foot. I 

Draw the line of resistance, with Qub new valne of Q, tfarongh k'jl 

point o foot below G at the crown. J 

It tooohes the curves GGandHH very nearly at the points F andE, 1 

and is sufficiently accurate for the purposes of the Engineer. ^ 

It, however, outs the curve GG about 2-3 feet above the springing, 
and the stability of the arch-ring is ihereloro not sofEcieully assured 
below this point, as the intensity of the pressure might be enough to 
cause cmshing of the materiaU 

It will be better to increase the thickness as shewn bj the curve 
K 6 ; B K being made J B A. 

It is clear from this Example that this form of arch requires a great 
thickness of arch-ring. 

Now although it is nsnally agreed that the exact maximum pressure 
in an arcli-rinjr cannot he ascertained, yet. on the supposition that the 
line of rc'histauce is really tis dnum, the prcssir-o can be calculiited, at 
any rate approximately on the principles stated at p. 233. 

Thus at the joint F, the normal pressure=21-5 tons, and it is spread 
OTer a 8urface=3 x 1 x 1=3 square feet or there is a mean pressure of 
14*34 tons per square foot, or '1 ton ^ 224 lbs. per square inch, which 
would give a factor of safety of only 5 with strong brick. Such an 
arch-ring should therefore be built of some stronger material. 

At the springing, the normal preHsare= 3744 tons, which is spread 
over 66 square feet, the maximum pressure being ll'4tonBpersquare 
foot, or -08 tons per square inch. 
As regards failure by sliding. 

It is evident that as far as joint 6, the pressure is bo nearly normal 
to the joints that sliding cannot occur j and even at the springing the 
angle between the normal and the direction of the pressure B/ is only 
30 , while the angle of frictiun of masonry, in the condition which 
would allow of the centres being struck, is not less than 37", so that 
there is a good margin of security even at this joint. 

Sliding may always he prevented by slate dowels ; bnt in fact the 
masonry of the abutment prevents any sliding on this, or other joints. 
The abutment is dealt with as an ordinary buttress, subject to an 
inclined thrust, and it is not considered necessary to deal with it in 
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EXAMPLE II. 

It is required to enqnire into the stability of the arch shewn in 
PlcUe YII., the material of the arch and .its load being the same, 
and solid across the arch, its weight being one cwt. per cubic foot. It 
is slightly compressible, so that the allowance on this account recom- 
mended at p. 304 is to be made, viz., that the line of resistance shall be 
everywhere within the centre half of the arch-ring. 

There is an isolated load at X equal to 2*5 tons per foot run of the 
width of the arch. 

As the loading of the arch-ring is not symmetrical, it is necessary to 
consider the whole arch-ring, and the loading being uniform across the 
arch, it is sufficient to consider a section one foot in width. 

ACA| is the intrados ; BDB^ is the extrados ; U VtJ| the extrados 
of the load. 

The depth of the arch-ring at the crown is calculated by Professor 
Rankine's rule for an arch standing solitary between its abutments, i.6., 

D C = y/r X 12 = -/25 X 12 = 175 feet. 

The depth at the springing is the same as at the crown, as usual in 
brick arches. 

Divide each half of the arch-ring into six parts by the joints 1 to 5, 
and from the intersection of each with the extrados, draw a vertical 
line. 

Find the weight of each part of the arch-ring with the load resting 
directly on it, and find also the centre of gravity of each part. 
These weights are as follows : 
Wi= -8 tons. 
W2 = l-0 „ 
W3 = l-2 „ 
W,= 17 „ 
W5 = l-5 „ 
We =20 „ 

Total, 8*2 tons. 

The isolated load Wy = 2*5 tons. 

Draw a vertical through the centre of gravity of each of the loads, as 
well as through the centre of gravity of the load on each half of the 
arcb-riDg, including the isolated load. 

Lay otf on the arch-ring two curves, GGG| and HBH^, at a distance 
of one- fourth of the depth of the arch-ring from the extrados and 
intrados. 

Assume the trial line of resistance to pass through H, and H^ both 
at the springings. 

Then the vertical component of the thrust 

i XT o o X .2*5 tons X 3075 ^/n . ^^ 
at H = 8*2 tons -f .-= = 10 tons, 

41 

and at H, = 82 tons +2:5ton« xJOJS^s-Q ton.. 

41 
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Then corameroing at AB, and adding the BnccesEive loads together, 
it IB seen that joint 1 dividee llie total load into two parts, which are 
very nearly respectively equal to the reactions on encb side of it ; i.e., 
the load to tho left of joint 1 ^ 9'9 tons, while the load to right of 
joint 1^9 tons. 

Joint 1 is therefore very nearly the joint where the throat is hori- 

Afisnme the point K. in this joint to be a third point in the trial line 
of resistance ; and it is now required to draw a line 
through H, K, and Hj. 

The value of the symbols in eqaationa (8), (9), (10), ] 
follows : 



a, = 20-4 ft. i Pi = 107 tons ; ^ = 13-2 ft. 



NL 3iJ = ll-2ft.,- ?,= 8 2 tons:' pi =13-6 ft. 
K ^ = 20 4 ft. ; Pj = -8 tons ; pj = 2-0 ft. 



% = U 2 ft. 
(?j= 4-0 ft.; 

Aj= -aft.; 

which applied in those equations giTO P^"52 tons, Q=6'l tons, 
with which the trial line is drawn through HKH,. 

On the left it cuts the curve G G at K, and again lower down, and 
is farthest from G G opposite joint 2. 

On the right, it nearly tonuhea the curve H H, at joint 3, and ooin- 
cides with it Teryne&rly (rota that point to H|. 

Then the tme line of resistance will pass throngh H, will tonch the 
curve G G (on the toft) aiiprosimntcly in F iiiid the curve H H, (on 
the rlt'l.t) npproximntHy m F. ; and if it rcmiims between G Gi and 
H H| at every point below E, the arch-rinw is stable. 

Draw a new line of resistance fhrongh H, F, and E by help of 
equations (8), (9), (10), which give P=-4 Ions, Q=66tons, g='7rff. 

This line is a sufficient approximation for the purposes of the Engi- 
neer, and it lies everywhere between G G G, and H H H,. 

The greatest pressure in this arch-ring is at the springing on the 
left, where it amounts to 12 tons and it is spread over a surface 
= 4*5 square feet. 

The maximum pressure is therefore -— — ^ Sj tons and the pres- 
sure per sqnare inch ^= 81 Iba., which gives a factor of safety for strong 
brick of 14 nearly. 

There is manifestly no danger of sliding in this arch-ring. 
N.B.-Fnr an arch-fir.e under h moviug K«d or losiis, it woiM be neces^iary to wpeal this 



Lcf tho proposed ahufmont be of the form an 
Fi:i. 1, I'late VIII., viz., A B C D E F, and of one uniform material. 
Find the centre of gravity of a section, one foot in width, having tl 
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weight W. Let P be the thrast of the arch-ring. Then compoanding' 
P and W the resultant thrust B on EF is obtained in the nsuaJ manner. 

If this resultant falls within the centre third of E F, the abutment is 
at least stable enough, and may be decreased. If it falls outside the 
oentre third, it is not stable enough, and must be made larger, the last 
operation being repeated, until the proper dimensions are arrived at. 

It is considered desirable that there should be no tension on anj part 
of the abutment of an arch, or in other words that the pressure should 
be spread over the whole surface of each joint. If the point where the 
resultant pressure cuts E F be nearer to the outside edge than ^ E F, 
there would be no pressure on the part of the joint near F, and the 
pressure would not be distributed in the most advantageous manner. 
It does not however follow that crushing would ensue at E, and in 
ordinary materials it would not ensue. 

The intensity of the pressure can be ascertained as described at 
p. 233. 

Kon.— Vthe abatment is bxiOt, as is flreqnently the case, with ooimterforts, the whole thmst 
of tiie arch at the 8];>rinffing, which of cotme is equal to the thrust due to 1 foot in width multi- 
plied by the total widtn in feet, is to be taken, the oentre of gravity and total weight of the 
proposed abutment are to be found, and the resultant of the thrust and weight should pass just 
within the oentre third of the width of the abutment with its oounteiforts at the footings, ue,. 

To ensure security against sliding on E F, the angle N K B must not 
exceed that of which the co-efficient of friction of the masonry is the 
tangent ; and at p. 236 it was proposed to make the tangent of this 
angle not greater than ^th of the co-efficient of friction. 

If this condition is not fulfilled, the joints should be inclined upwards 
to the back of the abutment, as shewn in Fig, 4, Plate YJIL. _ 

Foundations. 

Having determined the proper dimensions of the abutment, it only 
remains to distribute the pressure sufficiently uniformly over the surface 
beluw to ensure that no very unequal settlement shall take place, and to 
that sliding along the soil shall not occur. 

To ensure the first the pressure mnst not exceed what the soil below 
can safely bear. (U.B.T., p. 181). 

Draw in the footings and foundations (Plate VIII., Fig. 1), making 
the bottom line H G of the foundations at a depth necessary to get 
below the effects of frost, i.e., in England, about 3 feet for sand and 
4 feet for clay (B.C.K, p. 380). 

Compound B with the weight of the footings and foundations, and 
resolve the resultant normal to and parallel to the line of the base. 

Divide the normal pressure thus obtained, for one foot in width of 
the arch and abutments by the safe pressure per square foot, which the 
soil can bear, and the quotient will be very nearly the least safe width 
of the foundations. 

One half of the foundation should be set off on each side of the point 
L, L Q being made equal to L H, even if G II be greater than the 
minimum safe width found above. 

If the direction of the resultant makes with the normal to the base 
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of the foundation sn angle greater than tbe action of friction of tbe 
abatmeut and tbe eoil below, it will bo neccB^ry to incline tlie basa 
until the an^le contained belween the direction of the prfssuro and 
tbe nornial to ths bMO is coneiderably less tliiui t)io aug'le of friction. 
Aa already stated, it was proposed at p. 2313 to limit the tangent of ihis 
angle to Jth of the co-efficient of friction of llio wall and the carttiM 
beluiT. ■ 

GfiOiSED AacHES. ^ 

Tho Military Engineer baa frequently to constrnct ranees of groined 
arehcB, Buch aa are shewn in Fi<i. 5, Plate VITI. 

In this case any pier A B D C, has to sapport tbe thrust of the half 
arch C Q R D, as well as the thrust of the two qnarter groins S E Q C, 
TFRD in the directions EC, FD, the two together producing an 
additional thrust in the direction of the nxts of tbe pier, while it ia 
Btrengthened against oTerturning by the weight of (he two lialf arches 
B U A C and T V B D, tho horiaontal thmsta of which neutralize one 
another. First, then, find the horiaontal tlirnst per foot run nt the 
crown of the arch C D O N, according to previous eziimplcs. Then the 
toUl thrust on C D will bo this thrust multiplied by E F in feet. Find 
tbe weight of tho part of the arch S E Q R F T. with its load, und its 
centre of gravity. Find also the weights of the two half arches 
S n A C, T V B D, with their loads. Then the forces acting on the 
pier are aa shewn in fig. 6, Plate VIII., i.e., tho horizontal thvnst, H, 
blong E F, ftctinff «t the crown, W the weight of tbe part of the arch, 
CSEQRFTD acting throngb its centre of graTity, which will 
be Homewhero in the cimlituialiun of thn cenfro line of f lie pier, W, tho 
weight of ihc pier and the two half arches S L" A C, T V B D resting 
upon it, acting through their common centre of gravity. 

The resultant of these forces should pass through a point Y {Fig. 6, 
PUtte VIII.), at a dislance Y B from B = ^ B D, and the pressure at B 
should not bo more than the material can safely bear. 

As the centre of gravity of W ie difficult to find, it may be easier 
to trace the line of resistance for the half arch C Q R D to the springing 
joint, and transfer both H and W to that point, i.e., to A, Fig. 6, the 
result being the same. 

Skew Akches. 

In inquiring info tbe stability, as regards rotation of a proposed skew 
arch, supposing it to be properly constructed, it is only necessary to 
ascertain whether a square arch of the same dimensions and figure, 
similarly loaded, fulfils the condition necessary to stability. 

If it does, tho skew arch which is merely a parallel projection of the 
square ai-ch will be stable also. (R.A.M.. p. 23-2, and K.C'.-E., p. 220). 

Thus, let Fi>. 7 and 8, Plate VIII., represent the plan and elevation 
of a square arch which has been found to be stable. 

Then will the arch shewn in Fi-js, 9 and 10, Plate VIII., being a 
piinillcl prnji'ction of the square arch, be stable also, as regards rotiition. 

As regards sliding, it is nce-sary to enquire, whether the increased 
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obliqniiy of the thrnst caused by the skewing of the arch is sufficient to 
cause sliding at any joint. 

Thus if aft (Fpj. 8) is the line of resistance through the arch and 
abutment of the square arch, cd {Fig» 10) will be the line of resistance 
through the skew arch, and this line must fulfil at every joint the 
second condition of stability. 

For the method of laying off the joints, &c. of skew arches, see Buch*8 
Oblique Arches. 

Construction op Arches. 
On this subject, see RanJcine*8 Civil Engineeriiig p. 413, et seq. 

Centres of Arches. 

On this subject, see Rankine*8 Civil Engineering^ pp. 415 and 485, 
etseq, ; also Useful Bales and Tables, p. 190. 

Table op Thickness of Arches. 

On the following page is a table of thicknesses for arches, in ordinary 
use in the War Department. 
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APPENDIX. 



TESTS FOB WROUGHT IRON. 



For detailed information on the sabject of wronglit iron, see 
Kirkaldy's Experiments on Wrought Iron and Steel (especially p. 91 et 
seq,) Pole's Iron cut a Material of Construction, p. 110 ; Bankme s OivH 
Engineering^ p. 503 ; Anderson's Strength of Materialsy p. 46 ; Unwin's 
Wrought Iron Bridges and Roofs, p. 96. 

The last writer says, '* The one irremediable qnality in iron intended 
for a rivetted structure is brittleness or want of ductility. The b«rt 
iron is that which is tough as well as strong. Brittleness is accom* 
panied by a small elongation under strain, and generally by a bright 
silyery crystalline or grauular fracture.'' 

ORDINART SPECIFICATION. 

The ordinary specification in this country for wrought iron for nse 
in bridges is that Uie iron shall be equal in quality to Best Staffordshire, 
the plate iron being specified to resist 20 or 21 tons, lengthways of 
the grain, and the bars to resist 22 or 23 tons, which is equal, as 
regards tenacity, to G and F classes in Mr. Kirkaldy's scale (p. 314) ; 
and very lately, a certain minimum contraction of area at the section 
of fracture has been introduced by some Engineers into their specifi* 
cations. 

The test of tenacity, without any condition as to the elongation of 
the iron under tension, or as to its reduction of area at the section of 
fi:ucture is insufficient, as hard brittle irons often have both a very high 
tenacity and elastic limit, but break nnder comparatively small blows, 
and are therefore unsuitable for such structures as railway bridges, 
the iron in which is daily working under small shocks, and may be 
called upon, in case of accident, to resist very heavy blows. 

As there is a difference of opinion as to whether the reduction of 
area under a gradually increasing stress, free from shock, is a certain 
guide to the behaviour of the iron under a blow, it might be weU, 
in testing iron for railway purposes, to apply both tests, where it can 
conveniently be done. 

No class of iron is so frequently defective as that of ready-made 
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riwpts, find yet there is scarcely Buy on wLitli so rancli depends. It is 
better, therefore, to have the rivei a nmdo ut the works, aiid to (i st tinli 
bar intended torriTctB by breakiiig it acro8« at the eade, acy bars 
sLowing very large (acetB of ci^stala being rejected. 

The following tests applied by three Government Depi.rtmeiita to 
iron required for their respective worka arc all directed to ensuring 
that the iron shall be both strong and ductile. 

INDIAN STORE DEPARTMENT. 

The following ia the "Scale of tensile 
varioQS quftiities" prepared by Mr *■' 
Secretary of State for India. 



for the BUpply ol iron of 
Kirkaldy, aad adopted by the 
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SWEDISH BARS. 



Dwhicli migbi berequLml M 



The conditionB of Contract epeeify that " materials repreacDting 4 
per cent, of the valne shall be selected, from which will be cat piccea 
20 inches in lergth, and of plates and sheds 20 inches by 18 inches," 
to be tested. " Tbe iron will be accepted, althongh nnder the specified 
strain, provided the contraction of area at fracture is the same per 
cenlage higher, or ia other words, eoftcr iron than that specified will 
be Bccepted." 

The tension in tbcse testa ia applied giadaally and witbont shock. 

WAR DEPARTMENT. 



llio girder work of iron forts, and for armonr 
■ndtd (o vcs st heavy blows, it is necessary to 
jn, nnil tbe present (October, 1872) specifiea- 



For shield frames, for 
bolts, all of whicli nre in 
huve a a|iec ally tiuctde i 
tion is as followa : 

The method of conducting the test by blows fur the War Depart- 
meut is described at page 315. 
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Tensile Strain 

per inch of original Bednotion of 

Section to be Area at the Point 

borne without breaking, of Fraotore, 

Plate iron, le igthwaya 20 tons 12 per cent. 

,y crossways 16 „ 5 „ 
Angle iron 6" X 6" X l" 

and npwards, lengthways, 22 „ 15 „ 

Angl« iron, less sections, lengthwajs 22 „ 20 „ 

Rivet iron, lengthways 23 „ 40 „ 

Bar and T iron to be equal to angle iron of equivalent section. 

For armonr bolts, the specified reduction of area is 40 per cent., 
(whether broken in a testing machine or by a fiEdling weight,) with an 
uniformly fibrous fracture. 

The iron is tested both in the tosting machine by gradually increased 
tension and by the blow of a falling weight, or more lately by blows 
from a steam hammer, the apparatus being arranged to produce tension 
on the bolt, (Professional Papers^ vol. xviii., 1870, p. 122), it being 
found that when the iron is of good quality a ton weignt ^ling 30 feet, 
or an equivalent blow from the hammer, will pull a bolt 2 feet long and 
nearly 3 inches diameter in two in six or seven blows. The fracture 
should be silky fibrous, not crystalline in any degree. 

This apparatus affords a comparative measure both of the tenacity 
and the ductility of the iron, but the actual tensile stress is not griven 
by it. 

It has, however, been found by many experiments, that with the 
quality of iron necessary to give a fibrous fracture, and good reduction 
of area under the blow of a falling weight, there is always associated, 
a very fair resistance to tensile stress. 

In applying this test, and indeed any other test, care must be taken 
that the blow or stress acts along the axis or mean fibre of the test bar. 

ADMIRALTY TESTS. 

The following are the tests applied to iron in Her Majesty's Dock- 
yard: 1872. 

Best Best, ob 1st Glass Plate Iron, ^-ingh thick and above. 
Tensile strain per sq. in. { c^S^ryT" 1 8 ^^ ^^ *^^"^^'^^^^^^- 

Forge Test (^Eot). 

All plates of the 1st Glass of 1 inch in thickness and under, should 
be of such ductility as to admit of bending hot, without fracture, to the 
following angles: 

Lengthways of the grain 125 degrees. 

Across „ 90 „ for Ship Plates. 

I, If 100 „ „ Boiler Plates. 



Ill 



F<»-ge Ted (Cold). 

AUplatOsorthelst class etiould admit of bending cgIii,wiltiontfntctTire, 

as foUows : 

Wilk the Grain. 

1 inch and H °f b° ^^^ '° tbickueBs to an angle of 15 degrees. 

« „ .. 20 „ 

j,A.. *l " " S6 ;: 

A ., ♦ .. .. 5» .. 

A I. i .. .. '» .. 

Aeroet lTt« Grain. 
1 in.) Hi i> '"'^ if of an iuch in tliickncfis lo an anj^ie of 5 dej^rees. 
S imdH .. .. 1" ,. 

»,A,«»it •. .. 15 .. 

A ,, t ., ., 20 .. 

A .. t .. .. 30 „ 

Bkst, OB 2so Ciisa Plats Ibon, J-isch tsiok aso above. 

Tensile strain per sqnare incli. | c^E^yY^!!!!!!!!!'" 17 '°"*' 

Forge Tfsl (ira). " 

All platen of the 2nd CIubs of 1 inth in tliickness and under, should 
be of such dncrilify as to admit of bending hot, withoat fractnre, to the 
following angles: 

Lenglhways of the gnun ,.,,.. 90 degrees. 

Across „ 60 „ 

Forge Test (Cold). 
All platoH of tlio 2iid Cliiss shouJii admit of bending cold, without 
fracture, as follows : 

With the Grain. 
1 inch and ^ of an inch in thicltness to an angle of 10 degrees. 
i ,. H » » 15 „ 

i „ H .. .. 20 „ 

t.A. » * " .. 30 „ 

A » « >. - 45 „ 

A .. i .. .. 55 „ 

Across the Qrain. 
\ inch osd 4^ of an inch in thickness to an angle of 5 degrees. 
t.A. .. + .. " 10 „ 

iV .. * .. .. 15 „ 

tV .. i .. .. 20 „ 

The following conditions apply to both Classes r 
Plates both hot and cold should be tested on a cast iron slab, having 
a fair surface, with an edge at right angles, the corner being rounded 
off with a radius of j an inch. 

The portion of plato tested, for both hot and cold teats, is to be 4 ft. 
ia length, across the grain, and the full width of the plate, with the 
grain. 
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-The plate sbould be bent at a distance of from 3 to 6 incbes from tbe 
edge. 

All plates to be free from lamination and injurious snr&ce defects. 

The Inspecting Officer maj select for testing one plate in Mty of 
each thickness or of each parcel of plates rolled. Should the parcel be 
accepted the plate will be paid for, but not otherwise. 

Bbst Best o& 1st Class Thin Plate ok Sheet Iron. 
Tensile strain per square inch [ ^^^^Jj^f^ [-;\ 18 ^^^ 

Forge Test (Hot). 

All plates of the Ist class should be of such ductility as to admit of 
bending hot, without f mcturo^ to the following angles : 

Lengthways of the gi-aln 125 degrees. 

Across „ 90 „ 

Forge Test (Gold). 

All plates of the 1st Class should admit of bending cold, without 
fracture, as follows : 

With the gi*ain, to an Angle of 90 degrees. 
Across the gi-ain, to an Angle of 40 degrees. 

Best or 25d Class Thin Plate or Sheet Iron. 

TensQe strain per square inch [ Ssw^?!..*.;; ;;*.;;;;;; 17 ^^' 

Forge Test (Hot). 

All plates of the 2nd Class should be of such ductility as to admit of 
bending hot, without fracture, to the following angles : — 

Lengthways of the grain 90 degrees. 

Across „ 60 „ 

Forge Test (Cold). 

All plates of the 2nd Class should admit of bending cold, without 
fracture, as follows : 

With the grain, to an Angle of 75 degrees. 
Across the grain, to an Angle of tSO degrees. 

The following conditions apply to both classes of sheet iron : 

Plates both hot and cold should be tested on a cast iron slab, having 
a hSr surface, with an edge at right angles, the comer being rounded 
ofiT with a radius of half an inch. 

The portion of plate tested, for both hot and cold tests, is to be 4 ft 
in length, across the grain, and the full width of the plate, with the 
grain. 

The plate should be bent at a distance of from 3 to 6 inches from the 
edge. 

All plates to be free from lamination and injurious surface defects. 

One plate to be taken indiscriminately for testing from every thick« 
nesB of plate sent in per invoice, provided they do not exceed fifty in 
number. Tf above that number, one for every additional fifty, or 
.portion of fifty. 
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The tluckncs§ for leetin^f plates is to be ascertained in all cases by I 
wi^igbiDg the- plate, or tlie jiiece to be teGlcd ; assuming that & sqaan 
foot of i inch plate weighs five pouude, and tliat otlier thick- dcesm 
have the same propnrtionate weight. 
AsoLE, BcLP, Teb,Asoi.k Bolo, Tke Bclb, Chassei., or other Ikos OF' 

(HUilNABIT rOKM, * 

1. Samples will be taken indiBcriminatelT for tfl§ting from evBiy^ 
description of angle, Inlb and other iron incladed in any one invoice, ' 
provided the number of irons bo included does not exceed fifty, and, if 
above that ttnmber, one for every fifty or portion of fifty of each 
description. The Gamplei may be I«st*d to show the Htrength, ductility, 
ftnd other qualities of the iron, and if not found Eatiafactory, the lot 
&om which they are taken may bo rejected. 

2. The whole of tlie samples of every description of iron may 
teEAed with the grain to a tensile Btraia of 22 tons to the square inch. 

8. Angle iron may be tested 
hot by being bent thtiB, 

and also by being flattened, thna 



C^ 



1 



''-^r^ and the end bent 0TBr,"3 
tkuB \ }/ One sample may be notched and broken across 

cold, to show the qnality of the iron, and one flange of the angle iron 
may be cnt oS and bent cold, thns 

4. Tee iron may be tested hoi by being bent thna ^ 

The cold test will be the same as for angle irons. 

5. Tee bulb may be tested hot by cutting off the bulb and testing 
the remainder in the same way as tee iron, the bnlb being notched on 
one side and broken cold to s))ow the qnality of the iron. 

6. Angle bnlb may be tested in the same wayas angle iron after the 
bnlb bas been cnt oS; and the bnlb itself tested as in the case of tee 
bnlb. 

7. Bnlb iron may be tested hot by cutting oS the bnlb and bending 

the web across the grain, thna ^j) ^^^ ^^^ ^^^ ""^V ^ 

notched on one side and broken cold to show the qnality of the iron. 

8. Channel iron may be tested hot, thns ir;iz;~r\ ^nd one 

of the flanges may be cut off" and bent cold as for angle iron, and one 
sample may lie notched and broken cold to show the quality of the iron, 

9. All other deaci-iptions of iron may be tested in a similar manner 
according to their forms. 
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Best Merchant or Malleable once-worked Iron, First Brand; Best 
Best Bar Iron; Moulding, Sash Bar, BEalf-round and Skomental 
Iron; Fire Bar Iron; Best Best Nail Hod; Best Best Hoop Iron. 
The ii'on marked ** Best Best " iu this list to stand a tensile strain 
of 22 tons per square inch, aud the whole of the iron to stand soch 
fovf^e tests, both hot and cold, as the receiving Officers may deem ex- 
pedient to satisfy themselves that it is fit for her Majesty's Service. 



NOTE ON THE STRENGTH OF LONG TIMBER PILLARS 

AND STRUTS. 

It has been objected lately by very competent judges that Professor 
Rankine's formula (p. 86) for long pillai*s gives results so different from 
tho5%e obtained from later experiments, as to render necessary some 
modification of it. 

It certainly appears that, even if the formula is correct, the method 
of applying it at present in use can hardly be so. 

Thus, a pillar 19 times as long as its least dimension is assumed, ir- 
respective of the way in which it is secured, to fail by crushing only, 
while another pillar 21 times as long as its least dimension is assumed 
to fail by cross breaking. 

Now there cannot be any sudden change of this kind, and in fact 
the change from failure by crushing to failure by cross breaking must 
be very gradual, passing through a succession of stages, in which 
failure takes place by the stress being unequally distributed over the 
section sufficiently to cause crushing on one side, but not enough to 
0et up tension on the other. 

If the formula be accepted as correct, the intermediate stages would 
be roughly met by using the formula for cross breaking for all ratios 
of 2 to A, and not only for those of 20 and upwards. 

As to the correctness of the formula, it is objected that it gives too 
high results for comparatively short pillars, and too low results for 
very long pillars, and no fixed alteration of the constants would meet 
this objection. The error, if there is one, must therefore be in the theory 
of the formula in which, however, no flaw has yet been pointed out. 

On the whole it does not seem advisable, in default of a better for- 
mula, to cast aside the present one, although, as it is known to be, to 
some extent, empincnl, it is wise to use it with a liberal factor of safety. 

The objection has at present been confined to long pillars or struts 
of timber, and the above remarks apply only to them. 

The following rule for long pillars of wood is taken from the 
Engineer^ 1st December, 1871, and has been devised by Mr. Stoney, 
C.E., (author of the Th&ny of Strains), 

Rule for Square Pillars op Soft Foreign Timber, with the Ends 

adjusted as in ordinary practice. 

Ratio of length to side of pillar... 10, 15, 20, 25, 30, 35, 40, 45, 50 
Breaking weight in tons, per sq. ft. 
of section 120, 118, 115, 100, 90, 84, 80, 77, 75 



830 jLPi^Fvrti 

The brealting weight of Uie strnt ty this mie is fnand aa follnw 
If ratio of length to side=24; breaking weight b7 table = 103 tons par 
BquBTO foot, 
.'. for 13 inches sqoare, breaking weight = - — —- ^120'8 tons. 

Divide by factor of safetj of 4 for anch work as a cofferdam. 

The following rule for cast iron columns is taken from The Engineer 
and Vorttraclor'i Pocket Sook, for 18^G, and is given on the authority of 
Mr. Shoilds, C.E. ; the columns being supposed of good oonatmctioa 
with flat ends, and with base plates at their bearings. 
From 20 to 24 diameters in length, Columns may be loaded with, 
I inch thick or upwards. 2 tons per square inch of iron. 

: ;: :::::::::,:: If : :: 

n 

NOTE ON PAGE 145. 

The load on the stiffener is overstftted here, as it would only consist 
of the weight of tbe cross beam Bind the load on it, the web of the 
girder between the stiSenere receiving directly the weight of the booms 
or flanges, in the same way that the stiffener receives the weight of 
the cross beam, 

This rednces the load on the stiffener to 15-4ton8, and makes ( =^ 
inch, instead of ^inch, and the T iron might be somewhat reduced in . 
dimension. J 

NOTE ON EXAMPLE 111.— ROOFS. 

In the figure for this Example, the principals are shown carried up 
to the ridge, which is required for the strict application of Professor 
Maxwell's method. 

In practice this is never done, unless the length of com.mon rafter 
between the upper purlin E and the ridge G (Fij. 1, Fl. III. Roofs) is 
BO long as to require support, in which case the upper part of the trass 
becomes a king-post truss, and the roof is of the form shewn below. 
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Professor Maxwell's method wiD give the stresses with sufficient 
accuracy, by assuming the lines of stress to be as shewn in the 
diagrams, {Plate III. Roofs), even supposing the upper parts of the 
principals to be omitted. 
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A BUTMENTS of arches, 308 

„ „ founda- 

tions of, 309 
Adhesion of mortar to bricks, 258 
Advantages of bowstring bridges, 
189 

braced girders, 170 
of cast-iron, 61 
Allowance for loose jointi, 99 
„ for weight of beams, 4 
Angle iron in girder work, 114 
of repose of earth, 260, 261 
„ of masonry, 260, 261 
„ of brickwork, 260, 261 
Approximate weight of wroughi- 

iron girders, 128, 140 
Arches, abatments of, 808 
„ „ foundations of^ 309 
„ buttressed horizon tij, 271 
„ centres of, 311 
construction of, 811 
groined, 810 
„ relieving, 270 
„ skew, 810 

stone and brick, 295 
table of thickness of, 312 
Arch-ring, incompressible, 296 
failure bj sliding of, 804 
lines of resistance in, 297, 
slightly compressible, 808 
stability of, 296 
symmetrical, 298 
symmetrical, example, 804 
thickness of, 801 
true line of resistance in, 299, 

300, 302 
unsymmetrical, 801 
unsymmetrical, example, 807 
Arrangement of cover-plates, 107 
improper, of rivets, effect of, 

102, 106 
of plates in tension booms, 108, 
117 
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„ of rivetted joints, 102 
„ of rivets, 96, 97, 118 

Artificial camber, 178 

Axis, neutral, 15, 16, 

"D ALCONY beam, example of, 41 
Bars, compression, 88 
„ short, 83 
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pie, 83 
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^, effective section 
of, 83 
„ compression, long, 85 

„ examples,87,88,89 
„ factor of safety 
for, 87 
„ tension and compression, 81 
„ tension, 81 

„ effective section of, 82 
„ example, 82 
Beams, allowance for weight of, 4 
„ balcony, example of, 41 
„ bowstring, 179 

„ advantages of, 189 
„ uniformly loaded, 180 
example, 181 
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„ braced, 158, 171 

„ „ bowstring, 182 

„ „ „ examples, 188, 186 

^ built-up wrought-iron, 112 

,, cast-iron, 61 

„ „ different forms of, 67 
„. feathers on, 68 
„ formula for, 68 
„ iron best suited for, 66 
„ not to be fixed, 60, 68 
„ sinffle T9 67 
„ with open webs, 68 

,', cross, 181 

„ „ fixed, 187 

„ „ supported only, 182 

„ deflection of, 28 

„ direct stresses in, 2, 8, 51 

„ double Xi origin of, 61 
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Beami>, fixed. 50 


Braced girders. 163, 171 ^B 


„ „ different cases of, 52 


.. advantages oi, 170 


„ deflection of, 54 


„ „ examples, 173 


„ „ direct strcBEes in, 51 


Bmcinjr, horizontal and vertical, 150 


„ loDgitadinal, 127 


Breast walls, 259 


„ moments ol flexure in, 4 


Brick arehes, 295 


„ rolled wrongliuiron, 77 


Brickwork, weight of, 260 


„ „ „ example, 77 


„ angle of repose of, 261 


„ „ „ section for, 77 


Bridge girders, iron, not to be 


„ stiflness of, 40 


fixed, 119 




Bridges, railway, rolling load on, 69 


„ stress in, 1 


„ bowstring, advantages of, ISII 


„ limber, 40 


Bridge, railway, wronght-iron, ex- 


„ fixed, 44 


ample, 126 


„ with two loads, example 


„ „ maximQm8hearin,142 


of, 44 


„ „ width of, 126 


„ troBsed, 174 


„ „ skew, 152 


„ of aniform streogtb, 20 


Bnilt-np wronght-iron beams, 112 


„ wroTiKtt-iron, e&ective depth 


Bnttresses, 230 


of, 117 


Bnttreea, example, 237 


„ wrou(;bl-iron, how to be fixed. 




60,119 




Bearing-plate. 150 
Bending raomeat, 3 


rANTILEVEE, caat-iron, example 


„ resiatance to, 14 


Camter, 118 


Blockwork structures, 280 


„ artifioid, 178 



■nted, 252 
„ „ crashing of, 232 

„ „ distribntion of prea- 

sere in, 233, 239 
„ „ overtnpning of, 231 
„ „ sliding of, 235 
„ stability of, 236 
Boom, Eeilly'a, 106, 170 

„ tension, arrangement of plates 

in, 108 
„ beingcontiaaons,e£rectof, 155 
Bowstring beams, 179 

advantages of, 189 
braced, 182 
„ examples, 183, 186 
uniformly loaded, 180 
„ „ ezaroplcs, 181 
Box girder, example, 119 
Braced beams, 153, 171 
„ bowstring beams, 182 

„ „ examples, 183,186 
Biaces, cross, 171 

„ „ efiect of rivetting to- 
gether, 155 



I bridges, 159 

Ca>tingK, conditions for sound, 61, 
76 

„ feathers on, 68 
„ testing, 76 

Cast-iron, advantage ol, 61 

„ „ working resistances of ,6 7 

Cast-iron beams, 61 

„ „ accurate calcnlationot, 64 
„ „ different forms of, 67 
„ „ formula for, 63 
„ „ iron best suited for, 66, 

76 
„ „ not to bo fixed, 60, 68 
„ „ with open webs, 68 
„ cantilever, example of, 74 
„ column, example of, 91 
„ railway girder, example, 68 
„ „ girders, usual span for, 
69 

Cemented blockwork sfructures,252 

Centres of arches, 311 

Centre of pressore, limiting position 
of, 234 
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99 



Chimneys, 280 

„ dimensions of, 243 
„ examples, 241, 246 
Collar beam roof, 198 
Column, cast-iron, example, 91 
Composite roofe, 216 
Contra flexnre, points of, 52 
Compression bars, 83 
short, 83 

effective section 

of, 83 
example, 83 
long, 85 

examples, 87, 88, 

89 
factor of safety 
for, 87 

Compression and tension bars, 81 
Compression booms, joints in, 117 

„ „ width of, ±17 
Counterbracing, 153 
Coanterforted retaining walls, 269 
Couple roof, 197 
Coupling screw, example, 100 
Cover-plates, arrangement of, 107 
Corrosion of wrought-iron, 114 
Cross-beams, 131 

„ distance apart of, 127 
„ fixed, 137 
„ supported only, 132 
Cross braces, 1 71 
Cross sections of equal strength, 29, 

85, 63, 65 
Crushing of blockwork structnres, 

283 
"nEFLEOTION of beams, 28 

„ of built-up wrought - iron 

beams, 118 
„ due to shear, 28 
„ forraulaB for, 86, 37, 38 
„ of fixed beams, 54, 55, 56 
„ of timber beams, 40 
Dennett's floor, 77 
Depth, effective of wrought-iron 

beams, 117 
Direct stresses in beams, 2, 8 
„ „ in fixed beams, 50 
Distribution of load on roofs, 195 
,1 of pressure in blockwork 

structures, 283, 289 
„ of shearing stress, 23 



Dry timber, 90 

tpABTH, angle of repose of, 260 
^ „ pressure of, 264 
„ stability of, 261 
„ weight o^ 260 
Eff^of booms being continnous, 155 
„ improper arrangement of 

rivets, 106 
„ rivetting braces together, 155 
„ rounding edges of rivetholes, 
114 
Effective depth of wrought-iron 
beams, 117 

„ section of a short compression 
bar, 88 

„ of a tension bar, 82 
span, 69 
Elasticity, modulus of, 81 
Enclosure walls, 250 

„ „ examples, 254, 256 
Equal resistance, solid of^ 1 

„ strength, cross sections of, 20, 
35, 68, 65 
Example, arch-ring, symmetrical, 804 
unsym metrical, 307 
bowstring beam, uniformly 
loaded, 181 
„ braced bowstring beam;), 183, 

186 
„ braced girders, 178 
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box girder, 119 
„ buttress, 237 
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99 
99 
99 
99 
99 
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cast-iron girder, 68 
„ cantilever, 74 

chimneys, 241, 246 

coupling screw, 100 

enclosure walls, 254, 256 

floor girder, 47 
„ floor joist, 58 
,, iron roofs, 219, 224 
„ joint at foot of principal, 92 
„ joint in iron tension rod, 98 
„ lattice girder, 155 
„ longcompressionbar, 87, 88,89 
„ railway bridge, 126 
„ retaining walls, 278, 275 
„ reservoir wall, 288, 293 
„ rivetted joint, 96, 105 
„ rolled wrought-iron beam, 77 
„ short compressioa V»x ^ ^ 



„ tenskiD bar, 62 

„ timber balcony beam, 41 

„ timber beam with twoloads, 44 

„ timber king post roof,201, 208 

„ timber qnoen post roof, 211 

„ traveller, 1?5 
Exp&DsioD of iron girders, 119, l&O 

TPASTENINGS anil joint*. 92 

■*■ Feathers on castiugs, 68 

Fibre, mean. 102 

Fireproof, floors, /? 

Fixed beams, 50 

„ deflection of, 54. 55. 36 
„ „ diffiTcnt cases of, 52 
„ „ direct stresses in, 51 
„ timber beams, 44 
„ beam, timber, example, 53 

Fixing wrongbt-iron beams. 119 

Flexure, contra, points of, 52 
„ moments of, 3, 4 
1. >i graphic representation 
of, 11 

Floor girder, example, 47 
„ joist, example, 58 
„ girdera, trussed, 178 

Floors, Dennett's, 77 
„ firt'|.ro..f, 77 

Forf.,s.xU.rMa), iu I.eams, 2, 3 

I'ormula for approximate weigbt of 
wrougbt-iron girders, 128, 140 
„ for casl-iron beams, 63 
„ for defleclion, 36, 37, 38 
Foundations of arch abutmeuta, 309 
Framed timber roota, 199 

niRDERS, floor, example, 47 

„ advantages of bowstring, 189 

„ box, example of, 119 

„ braced, 153, 171 

„ braced, advantages of, 170 
„ „ examples, 173 

„ bridge, iron, aot to be fixed, 

119 

„ cast-iron, railway, example, CS 
„ „ ,, Oiual span for, 69 

„ floor, trussed, 178 

„ iron, expansion of, 119, 150 

„ lattice, example, 153 



„ Latham's method, IGO 
main, 1-tO 

„ mmrimiiTn shear in, 142 
plate web, 114 

„ different forms of, 116 
saddle hack, 152 
troogh, 67 
twin, 67 
warren, 1G8 

WTonght-iron, appro liniata 
weigbt of, 128, 140 
Grapliio lepreaentation of moments 
of flexure, 11 

„ „ of vertical slieariog 
stress, 18 
Groiaed arclies, 310 

TJEAD, rivot, quantity of iron in, 
^ 113 

HoriEoutal arches buttressed, 271 
„ and vertical bracing, 150 
„ shearing stress, 22 
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IMPROPER arrangement! 
'■ rivets, effect of, 106 
Inertia, moment of, 79, 80 
Iron, angle, in girder work, 114 
„ bi-Kli:e giriicrs, not to bu fixed, 

119 
„ castings, 76 
„ „ conditions for B0und,61, 

76 
„ „ feathers on, 68 
„ „ testing, 76 
„ cast, advantago of, 61 
■„ „ beams, 61 
„ „ working resistances of, 

67 
„ „ beams, accurate calcula* 

tion of, 64 
„ „ beams, different forms of, 

67 
„ „ beams, formula for, 63 
„ iron best suited 
for, 66, 76 
„ „ „ not to be fixed, 

60, 68 
„ „ „ with open webs, 68 
,, ,, cantilever, es ample of, 74 



INDEX. 



V. 



ft 

» 



It 



f> 



» 



t> 



» 



»> 



„ column, example, 91 
railway girder, example, 
68 

„ usual span for, 69 

beams, built-up wrought, 112 

„ beams, rolled wrought, 11 

„ „ „ „ example, 11 

„ „ „ „ sectioQS for, 

11 
„ priucipal r.iflers, 217 
,, roofs, 216 

„ roofs, examples, 219, 224 
„ roof struts, 218 
y, tension rod, joint in, example, 

98 
„ wrought beams, built-up, de- 
flection of, 118 

„ effective depth of, 

117 
„ how to be fixed, 
60,119 
„ wrought, corrosioQ of, 114 
„ „ working resistance of, 
78, 97, 194 
„ varieties of, 1 12 

girders, expansion of, 
119, 150 

I, approximate 
weight of, 128, 140 
JOINT at foot of principal, ex- 
ample, 92 
„ ri vetted, example, 96, 106 
„ in iron tension rod, example, 
98 
Joints, allowance for loose, 99 
„ arrangements of rivetted, 102 
„ and fastenings, 92 
Joist, floor, example, 58 

iZING post roof, example, 201,208 

T ATHAM'S method, 160 

Lattice girder, example, 155 
Lattice girder, Latham's method, 160 
Lattice girders, angle of bars in, 168 
end pillars of, 169 
number of sets of tri- 
angles in, 168 
„ „ objection to trough 
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shaped boom in, 170 
„ pinned, 170 
„ Reilly's boom, 170 
„ with rivetted conneo- 

tions, 169 
„ superfluous bars in, 168 
Leading rivet, 104 
Least resistance, principle of, 297 
Limiting position of centre of 

pressure, 234 
Line, neutral, 28 

Load on roofs, distribution of, 195 
„ occasional, 191 
„ permanent, 190 
„ to be provided for 196 
Load, suddenly applied, 127 
Load, rolling, on railway bridges, 69 
Long pillars or struts, 85 

„ examples, 87, 88, 
89,130,135,144 
„ factor of safety 
for, 87 
rivets, 148 
Longitudinal beams, 127 
Loose joints, allowance for, 99 

MAIN girders, 140 

■^^ Main girders, maximum phear, 

142 
Masonry, angle of repose of, 260, 261 

„ weight of, 260 
Maxwell's method, Professor, 182, 

203 
Mean fibre, 102 
Method, Professor Maxwell's, 182, 

203 
Method of sections, Rankinc's, 167 
Modulus of elasticity, 31 
Modulus of rupture, 41 
Moment, bending, 3 

„ of flexure, 3 

„ of flexure in beam?, 4 

99 graphic representation 
of, 11 
of inertia, 79, 80 

„ of resistance, 15 

„ of strain, 3 
Mortar, adhesion of to bricks, 258 

„ tenacity of, 258 
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Mo8eley'B,priiicip1eof leGtreeiatancP, 
297 



APEN webs, cast-iron beams with, 
" 68 

Overturning of blodtwork strno- 
tures, 231 

PERMANENT set, 118, 149 
^ PiUars, loDg, 85 

„ „ eiample, 91 

„ „ factor of aafetj for, 87 
Pitch of roofB, 201 
Plates, cover, arrangement of, 107 

„ in tension booms, arrange- 
ment of, 108 
Plate, bearing, 150 

„ web girders, 11-1 

, „ „ different forms of, 

116 

„ „ „ shearing Htressea 
in web of, 115 

^. — „ stifEeners in web 
of, 115 
Points of contra fleinre, 52 
Position, limiting of centre of pres- 

Bore, 234 
Preaaare, distribntion of in block- 
work BtTOctnrea, 233, 239 

„ of earth, 264 

„ limiting position of centre of, 
234 

„ safe, on aide of timber, 84, 93 

„ of water at rest, 276 

„ of wind, 192,',196, 241, 250 
Principal rafters, iron, 217 

„ ,, joint at foot of, exam- 
ple, 92 
ProfeESor MaxweH'a method, 182, 

Purliua fmssed, 178 

nUEEN post roof, timber, ex- 
X ample, 211 

PA.ILWAT bridge, wrought- iron, 
"• example, 126 
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„ „ rolling load o 
„ skew, 152 
Baits on bridges, camber of, 152 

Kankiue's method of sections, 167 
„ section of reservoir wall, 
294 

Rofters, iron, principal, 217 

Reilij's boom, 106, 1 70 

Rolievinft arches, 270 

Re presentation, graphic, of moments 
of flexure, 1 1 
„ „ of vertical shearing 
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walls. 276 

„ „ conditions of stability 
of, 278 

„ „ design of, 283 

„ „ examples, 283, 293 

„ „ forms of, 281 

„ „ Rankme's section of, 294 
Reservoirs, nnder^oond, 'i9i JSM 
Resistance to beading, 14 ^^M 

moment of, 15 ^^M 

„ principle of least, 297 ^^1 

„ to shearing, 25 

„ eohd of equal, 1 
Besistances, working of cast-iron, 

67 

„ „ of vrronght-iroD, 78, 97, 
194 
Retaining walla, 259 

„ „ conatructioD of, 272 

„ „ coanterforted, 2(59 

„ „ different section sfor,26 7 

„ „ examples, 273, 275 

„ „ stability of, 267 
Revetements endecharge, 270 
Rivet, leading, 104 
Rivets, arrangement of, 96, 97. 113 

„ effect of improper arrange- 
ment of, 10-', 106 
Rivet-heads, quantity of iron in, 113 
Rivet-holea in tension bars, 117 

,, in compression liars. 117 

„ rounding edges of, 1-14 
Rivets, long, 148 

„ rulea for, 96, 113 
Rivett«d joints, arrangement of, 102 

„ „ example, 9G, 105 
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Rolled wrongbt-iron beams, 77 

„ example, 77 
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section for, 11 
Boiling load on railway bridges, 69 
Roofs, 190 

„ collar beam, 198 
„ composite and iron, 216 
„ distribution of load on, 195 
„ framed timber, 199 
„ iron, examples, 219, 224 
„ iron, to be fixed at one end 
only, 219 
king post, timber, examples, 

201, 208 
load to be provided for on, 195 
„ occasional load on, 191 
permanent load on, 190 
pitch of, 201 

queen post^ timber, example, 
211 

„ single span or couple, 197 
„ wind-ties in, 219 
Rounding edges of rivet-holes, 

effect of, 114 
Rules for rivets, 96, 113 
Rupture, modulus of, 41 

SAFE pressure on side of timber, 
84,93 
Saddleback girders, 152 
Screw, coupling, example of, 100 

„ threads, shearing of, 95 
Seasoned timber, 90 
Secondary trussing, 228 
Section, effective, of a tension bar, 
82 

„ „ of a short compression 
bar, 83 
Sections, Rankine's method of, 167 
of rolled wrought-iron b€»ias. 

77 
of timber beams, 40 
Set, permanent, 118, 149 
Shear, deflection due to, 28 
Shearing, resistance to, 25 
Shearing of screw threads, 95 
Shearing stresses, 17 

„ distribution of, 23 
„ graphic representation 
of vertical, 18 
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honxontal, 18, 22 
yertical,tl7,3L8 
in web of plate web gir- 
ders, 115 
Short compression bars, 83 

„ „ „ example,'^83 
Side of timber, safe pressure on, 84 
Single span roof, 197 
Skew railway bridge, 152 
Skew arches, 310 

Sliding of blockwork structures, 235 
Snow, 191 

Solid of equal resistance, 1 
Span for cast-iron railway girders, 
69 

„ „ „ effective^ 69 
Stability of blockwork structures, 
236 

„ earth, 261 
„ retaining walls, 267 
Stiffeners, in plate web girders, 115 
Stiffness of beams, 28, 40 
Stone arches, 295 
Strain, moment of, 3 
Strength, beam of uniform, 1, 29 

„ of beams, 40 
btress in beams, 1 
Stresses, direct, in beams, 2, 8, 
„ „ in fixed beams, 51 
Stress, idiearing, vertical, graphic 
representation of, 18 

„ distribution of, 23 
„ horizontal, 18, 22 
„ in web of plate web gir- 
ders, 115 
„ vertical, 17, 18 
Stresses, shearing, 17 
Struts, iron, 218 
„ long, 85 

„ „ examples, 87, 88, 89 
„ „ factor of safety for, 87 
Suddenly applied load, 127 
Symmetrical arch-ring, example, 304 

fTANKS, underground, 294 
**• X9 double, b^m, origin of, 61 
X9 single, beams, ^1 
Tenacity of mortar, 258 
Tension Bars,* 81 

„ effective section of, 82 
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„ „ pxainple, 82 
Teneian booms, arrangement of 

platea in, 108, 117 

„ width of, 117 

„ rod, iron, joint in, example, 98 
Testing cast-iron, 76 
ThickncBB of arch-rings, 301, 312 
Timl)er beams, 40 

„ „ deflection of, 40 

„ „ beams, Uxed, 44 

„ „ nsnsl Bcctions of, 40 

„ beam with two loads, 44 

„ dry, 90 

„ ieasoned, 90 

„ side of, saro pressure on, 84 

„ roofs framed, 199 

„ king post roof, examples, 201, 

a08 

„ qneen poRt roof, 211 
Trarellers, 174 

„ example, 175 

„ imperfecllj- braced, 177 
Trongh girders J G7 
Trass, 153 
TntBsed beams, 174 

„ pnrlins, 178 
Twin prdcrs, G? 
Triifcaing, secondary, 228 

TTNCEMENTED blockwork, 230 
^ „ overtorningof, 231 
Undergronnd tanks, or reservoirs, 

294 
Uniform strength, beams of, 1, 29 
Unsymmetrical arch ring, 301 

„ „ example, 307 

VERTICAL and horizontal bracing, 
' 150 

„ shearing stress, 18 



WALLS, 230 
'^ „ breast, 259 
', enclosure, 250 

„ examples, 254, 256 



„ retaining, 259 
,, „ construction of, 272 
„ „ counterforted, 269 
„ „ different sections for, 267 
„ cxampIeB, 273, 275 
„ BlabilitT of, 267 
Walls, reservoir, 278 

„ „ conditions of stability 
of. 278 
„ design of, 283 
„ examples, 288, 293 
„ „ forms of, 281 
„ „ Rankino's section, 294 
Worren girders, 168 
"Webs, cast-iron bcama with open, C8 
Web, plate, girders, 114 

„ „ „ different forms of, 

116 
(, „ „ shearing stresses 

in, 115 
„ „i . „ stiffeners in, 115 
Weight, approximate, of wrongbt- 

iron girdera, 128, 141 
Weigbt of beams, allowance for, 4 i 
„ of brickwotk, 2G0 | 

„ of earth, 260 < 

„ of mnsonry, 2G0 
Wiii.l, li'2, 195,^41,250 
„ action of, 194 
„ pressure, nature of, 195 
„ ties in roofs, 219 
Working resistances of cast-iron, 67 
„ „ of wronght-iron, 78, 97, 
194 
Wronght-iron, bnilt-np beams, 112 
„ „ „ deflection of, 118 
„ „ effective depth of, 1 1 7 
„ beams, how to be fixed, 60, 119 

„ rolled, 77 
„ „ „ example, 77 
„ „ „ sections for, 77 
„ corrosion of, 114 
„ girders, approximate weight 

of, 128, 140 
„ varieties of, 112 
„ working resistances of, 78, 97, 
194 
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It is suggested that the Errata be tramfrrred to their proper pagee^ he/ore 

itudgijig Hie Volume, 

;5 i;^ ERRATA AND ADDENDA. 



P&^ 2, line 1,/ar 1861, read 1868. 

15, line 13, after, one, put a comma. 

16, line 8, after axis, add passing through the centre of graTity 
of the section. 

17,- line 1, for total amount, read moment. 

17, lines 5 to T^for I read 
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17, after line 5, add y^^ being the distance from the neutral axii 
to the upper side of the beam. 



,4. 



22, Fig, 43, the jjtows in the rectangle under h should he A^ 

23, line 22, after demons trate d, add for a rectangular section. 

24, Fig. 51, add the letter.s UV at the neutra] axis (see p. 25, line 11). 
28, line 24, for 324, read 342. 

42, line 25, for bs. read lbs. 

43, Une 13, /or 13, read 12. 

43, line 5 from bottom, /or 18960, read 1703. 

43, last line, for p. 38, read p. 36. 

44, Une 3, /or 18960, read 1703 ; and /or 474, read 424, 

44, line 13, /or J W c», read i W c». 

45, line 29, omit x, and after G, add distant m from A. 

45, line 31, for x , read +. 

46, line 17 , for m, read n, 

47, line 7,/or B x 144 X ig, read B x 144 x cP. 

47, Fig. 6, after ^>^QQ»QQ^ add to one inch. 
' ^ "^ Exl44xcP 

52, line 3, omit vertical. 

54, line 13, /or c,, read <fi, 

56, line 14, for Xj, read «*. 

56, line 16, /or W/j, read WP. 

5 5 

59, line 8 from bottom, for - - read ^ * 

2^0 Vo 



W C* ,W(? 



60, line 3, /or -y^- 9 ^*<^ 



12 ' 2 

62, line 1, after best, odfcl in beams. 

63, line 14, for extremes, read extreme. 
II 78, line 8, after usual, omU the comma. 



L. KKBATA AXP IDDEKPJL 

^age 83, lioe 21, afier 20, add Appendix, p. 319. 
„ 89, lino 33, for 353, read 37. 
„ 89, line SG, far near together, rmd f&r apart. 
„ 91, line 7, after BaFe, add Appendix, p. 319. 
„ 92, line 21, afier posaible, add nniformly. 
„ 92, line 2 from bottom. /or 16, read 18. 
„ 93, line 4. Tmusverso pressure hera moans at rig'lit angt«« to 

the Gbresof tbe wood, ae distinct from pressors in the direction 

of tbe fibres. 
„ 93, line 6, for tninsreie, reaJ traDsrerse. 
„ 94, line 28,/or U4m, read 14,400. 
„ 95, line 13. Transverse pressure Iiere means at n'gbt angles to 

the fibres of the wood, as distinct from preeeure in the direction 

of the fibres. 
„ 95, footnote,/ur 1,.% r^ad IS. 
„ 96, line 18, a/l^r A. add {Fiy. 5). 
„ 98, Fig. 6. Write T on iongoe, close to E B. 
,. 100, line*, for p, read b. 
„ 101, line 28,/erir.rMd^. 

„ 101, line34,/»^'-««^-J■ 
„ 104, line 5 from bottom, /or main, read mea 
„ 105, line 17. for 5-42, read 6115. 
„ 105, line 19./or -42, rend ■115. 
„ lU,line 18,/or A. reai-i. 

„ 111, line 19,/ora;=5, read Ti=4. 

„ 113, bne 11, /or l^V. read l^V 

„ 114, line 21, nfier lattice, orfrf comma, omiVand; and, nfler 

add N or Whipple- Murphy. 
„ 117, line 35, after being, add so groat. 
„ 120, last line, for -H^, read ■^. 

„ 121, line '20, add a brsclcet ( at commencemeut of line. 
„ 124, line 15, after web, add n comma. 



127, line 17, add. If aa near together as 4' 6', iron longitudinals 
are sometimes dispensed with, 

128, Fig. 20, the arrows slionld not be at Iho extreme edges of 
the angle irons, but about | inch iuside both at top and bottom. 

130, linel9,/o>-^,rearf^. 
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BBBATA AND ADDENDA*^, ill. 

instead of the eqiuvalent uniformlj distributed load. This 
would reduce tbe shear at the ends, but it would, in this case, 
hardly affect the shear at 8 feet from the centre, when only one 
train is on. 
Page 134, line 13, /or 33 ft. tons, read 325 ft. tons. 

„ 134, line 26, /or 66, read 69 J. 

„ 134, line 29, /or -46, read -44. 

„ ^ 135, Fig^ 30, for w, read w^, and for w^, read ip, 

„ ' 140, line 1,/or 2, read 2'5. 

140, Fig, 36, the arrows should not be at the extreme edges of 
the flanges, but about \\ inch inside, both at the top and 
bottom. 
144, line 12 from bottom. It would be more correct in calcu- 
lating the resistance of the web to buckling to take the shear 
at the end of each division of the web nearest the pier instead 
of that furthest from it, i.e., for division 1, take the shear at 
the stiffener between 1 and 2 ; for division 2, take the shear at 
the stiffener between 2 and 3. 

„ 144, line 9 from bottom, /or '87, read '88. 

„ 145, line 19,/or 17 tons, read 15*4 tons, and see Appendix, p. 320. 

„ 149, line 16, orait They are shewn on Flate II. 

„ 150, line 16, for 2 X 150 X 2, read 4 X 150 X 2. 

„ 150, Plate in.. Built-up Wrought Iron Beams, the scale of the 
rocker is about ^ inch to 1 foot. 
Table IL, Lattice Qirder, column ^^for -j^, read •^. 

„ v.. Lattice Oirder, column 4, for -h \ Wn, read — ^ Wn. 
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Pugo 160, 1 
160, 1 
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ne 7, after =, add -J. 

ne 6 from bottom, at end of line, add bars. 
162, line 15, /or +(1), read ( + 1). 
164, line 20, before 21204, add -. 

164, line 21, 6e/ore 41*3626, add — . 

165, line 25, for w^ x |, read w^ X -J. 

166, line 13, /or 00 08, read 60-80. 

167, line 4 from bottom, before =, add Stress in 6 A. 
169, line 3, for 6, read d. 

169, line 16. The effect of the difference of these horizontal 
components is to produce two horizontal i^eactidtis in the booms, 
one of which relieves the stress all through one boom, while 
the other increases it in the other boom ; and these stresses 
must be added to or deducted from the stresses obtained in the 
manner given at p. 167, in order to make the total stresses correct. 
If this is not done, the results obtained by Rankine's Method of 
Sections, as applied in p. 167, will not agree with those 
obtained in the other way. 

Thus, suppose a girder with four sets of triangles, in which 
case two bars meet half-way up the end pillar. Let the 
difference of the horizontal components be 1 ton tension, then 
a compression will bo produced on each boom =^ ton, and 
this compression is additional to that calculated for the upper 



boom, nnd is to bo deducted from tLe teosion calculated fi 

lower bourn, all tLrough in both cnees. 
.78, line 7, niter pttiuts, a'M each piirt is in tbo condition 
beam &sed at both eodfl, aud 



17b, line 10, for 



, read 2 w e. 



Page 1 78, Fig. 9, for c, e. c, read 2fl, 2c, 2o. 

„ 186, line &,/0T J W and A W, read J W aod | W. 
Plate I., Fig. 2, Boiostnug Beam». This diagram is drawn to a wrong 

BLfde ; F^ and F^ bt;in.g drawn at 18 cwt., instead of 1 ton. 
„ L, Fig. 3, Howstring Beamt,/or B^ and Bj, rend B- and B„. 
Page 187, line 13, omit latter. 
„ 188, line 22,/w B„ reoi B,. 
„ IP*, line 26, /or P, read f,. 

„ 195, line I, for 50°, 60°, and 70°, rend fiO°, 70°. and 80". 
„ 199. Coinmo of i«marks in Table IV., add with reference to tbe 

epana of 14. IC, aud 18 feet " If tbere is no ceiling, ibe collars 

maj bo rtdiu'ed in deptb bnt ihoy slionld be mtido thicker to 

preieut iitdo buckling, as they will no longer be stiffeced by the 

Jalbing. 
„ 201, before line 10 froin bottom, insert tbe foUowiDg lines : 

Weight of tie, oeiling joi^ta, and ceiling=12J lbs. per aqaais 

foot of horizontal snrfuce covered. 

Weight of snow=5 Iba. per aqnare foot of horizontnl enrface 

oovered=:4'5 lbs. per square foot of roofing aurface. 
„ 205, line 22, /or Pj, read P^. 
„ 20(3, column 4 in fable, /«-■ 2700, read 4700. 
„ 210, line •i7,f..r 10, re-td 15-6. 
„ 210, line 28,/t 30, read 25, and for 15, read 139. 
„ 210, line 20, for 30, re^id 25. and f.<r 45 lbs., rr.,d 39 lbs. nearly. 
„ 210, line 3 from bottom, /ui- 45 X 45=, reaii 39 x 45^ and /tr 45*, 

red 39 X 45». 
„ 211, hiie3,/»r45», wn'7 3yx45^ 
„ 211, line 5, f;r 7-B, n-ad 5-8. 
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IR&ATA AND ADDENDA. Y. 

Page 287, lines 20 and 21, omit from It is also to consequently, and in$ert^ 

It can be shewn that. 
„ 287, line 22, omit most, and /or approach, read approaches. 
„ 237, line 27, omit bj similar reasoning to that just given, it is, 

aJnd insert it can be shewn to be. 
„ 289, line 2, for ad, read db. 
„ 240, line 9, for n^, read n. 
„ 240, line 16, /or satety, read safety. 
Page 245, line 5, for 458,580, read 485,580. 
„ 246. line 3, for 107,984, read 107,084. 
,, 246, line 14, after increased, add and tension pet ap on the i»ind- 

ward side. 
„ 246, line 6 from bottom, after Example, add II. 
„ 249, lines 12, 18, 24, and 80. The recess should be deducted in 

all these bearing surfaces. The intensity of the pressure is 

thereby increased. 
„ 250, line 15, after increased, add and tension set up on the wind- 
ward side. 
„ 250, line 7 from bottom, /or 278, read 254. 
„ 252, line 15, /or R, read Z. 
„ 253, line 5 from bottom, /or =, read >. 
„ 256, line 7, for 15, read 16. 
„ 268, Fig. 5, transpose the letters B and D. 
„ 265, last Une, after resuUant, add equal and opposite to the 

reaction. 
„ 266, line 8, for it, read R^. 
„ 278, line 5, after bricks, add and mortar. 
„ 273, line 82, omit the square of. 
„ 279, line 41, for latter, read batter. 
„ 279, line 43, before vertical, add nearly, and after batter, add of 

any importance. 
281, lines 22 and 28, before overhanging, /or a, read an. 
284, Fig, 13, insert letters D and E at either end of x. 
„ 285, lino 7 from bottom, for I, read D. 

286, line 4 from bottom, /or hig. 18, read Fig, 15. 

288, line 11, for the outer, read either. 

290, line 80, after feet, add from H, and transfer bracket from after 

foot, to after third. 
„ 298, line 4, /or 13,291, read 13,921. 
„ 298, line 5 from bottom, for Plate III., read Plate II. 
„ 802, line 29, //r H, read P. 
„ 302, line 2 from bottom, /or — , read +, 
„ 300, line 27, after pressure, add measured on the diagram. 
„ 306, line 28 8x1x1 signifies three times the distance, F 1, of 

the centre of pressure from the extrados fnultiplied by 1 foot 

in widih of the arch (see p. 233). 
„ 307, lines 35 aud 86, the two last verticals are required to give|>| 

and P2, p. 308. They are not shewn in Plate VII. 
„ 3u8, line 34, nftp.r tons, add measured on the diagram. 
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ER&ATl iSV 

Page S09, line 23, strictly, C D ought, in order to prerent tension at E, 
to be rather more than j|rd C E ; but how much more, depends 
npon the relative dimenaions of the nail, and counterforts 
forming the abutment. In an abutment of ordinary proportions 
C D would eqoal abont i^ C E. 

„ 309, line 32, at end of line, omit to. 
Flai« TV., Areket. Insert Fig. 3 over figure in npper right hand corner. 

„ Vr,, „ ihe scale of Fig. 1 ia | inch to 10 feet. 

„ VII., „ Uie scale is 5 feet lo 1 inch. 

„ VIII , „ Fig. 4. Strike out weakest joint. 
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